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2ABSTRACT
Pyruvate formate lyase (PFL) is a key enzyme for
anaerobic metabolism of Salmonella typhimurium when it
grows on glucose. PFL catalyzes the conversion of pyruvate
to acetyl-CoA and formate.
Since the assay of PFL enzyme is technically
difficult, operon fusion technique was exploited for the
study of the transcriptional regulation of pfl. Four
pfl ::Mu dl-8 operon fusions were Isolated. They did not
produce formate, and the insertion site of Mu dl-8 was lo-
cated at the pfl- gene locus. The phenotypes of the operon
fusions isolated were identical to those of the pfl point
mutant. These evidences showed that the operon fusions
isolated were pfl::Mu dl-8 operon fusions. The transcrip-
tional orientation of pfl in these operon fusions was
shown to be counter-clockwise.
The results showed that pfl was controlled by
anaerobiosis. pfl was transcribed both aerobically and
anaerobically, but the specific activity increased about
5-fold under anaerobic condition. The addition of
pyiuvate, formate, and acetate did not have any effect on
the anaerobic expression of pfl.
3The expression of pfl vatted in different growth
media. Anaerobic expression of pfl was lower when the cul-
ture was grown in minimal glucose medium than in nutrient
broth. When casamino acids were added to minimal glucose
medium, the expression of pfl increased proportionally
with the amount of casamino acids added.
The transcription of pfl was positively controlled by
CAMP-CRP complex and oxrA gene product. However, neither
mutations in genes affecting cAMP-CRP complex nor oxrA
could completely abolish anaerobic induction of pfl. It
was also demonstrated that in a merodiploid strain, the
F' episome carrying the wild type pfl gene decreased the
B-galactosidase activity of the pfl::Mu dl-8. However,
when ack mutation was also incorporated into this
merodiploid strain, the B-galactosidase activity returned
to that of the strain without F' episome.
Other mutations tgyrA, oxrz, ana gru), which d CLLCU
anaerobic metabolsim, did not affect the transcription of
pfl. It seemed that there is another regulatory gene. From
Tn10 insertion pools, a Tn10 insertion mutation pflR was
isolated. There was no anaerobic induction of
B-galactosidase in the pfl::Mu dl-8 strain carrying the
4pflR::TnlO mutation. The primary defect of pf1R mutation
was its inability to produce lactate. Moreover, pyruvate,
formate, and acetate production from the pflR mutant were
greater than those of the wild type.. Thus, pflR may be a
regulatory gene for pfl gene expression, or somehow af-
fects the endogenous levels of pyruvate, formate, acetate,
or lactate which in turn affect the anaerobic induction of
Pfl.
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This thesis is the report of my research on the
transcriptional regulation of pyruvate formate lyase (pfl)
of Salmonella typhimurium. In this study, the lactose
(lac) operon fusion technique was exploited.
I have demonstrated the anaerobic regulation of pfl
gene at the transcriptional level. The pfl gene is
expressed both aerobically and anaerobically, but the
anaerobic level is about 5 fold of the aerobic level. Full
anaerobic induction of pfl required the presence of the
gene products of cya, crp and oxrA, but mutation in any of
these genes did not completely abolish anaerobic induction
of pfl. On the other hand, a mutation pflR::TnlO Isolated
in this study completely abolished anaerobic induction of
pfl.
The reason why I studied the transcriptional regula-
tion of pfl will be discussed in the paragraph of 'Purpose
of Study' below. The role of pyruvate formate lyase in
the anaerobic metabolism of Salmonella typhimurium and
2the basic principle of lac operon fusion will be discussed
in Chapter 2, 'Review of Related Literature'. Materials
and Methods are the contents of chapter 3. The results
will be presented in Chapter 4. Chapter 5 is
'Discussion'. The last Chapter Is 'Summary and
CnnrItic Inn I
Initially, my research began with the isolation of
pf1::Mu dl-8 (Apr lac) operon fusions. A general method
for the isolation of Mu dl-8(Apr lac) operon fusions from
Tn10 insertion strains was developed (Kwan and Wong,
1986). However, no ffl::Mu dl-8(Apr lac) was isolated by
this method. on the other hand, 4 pfl::Mu dl-8 operon fu-
sions were isolated by another method using the MGT1 In-
dicator Mate.
I characterized the operon fusion strains genetically
and biochemically so as to confirm that they were pfl::Mu
r
1l-8(Ap lac) operon fusions. Then I studied the
physiological regulation of the expression of pfl gene.
The effect of anaerobiosis, the effect of added substrate
and products in the media, and the effect of growing in
different growth media on the transcriptional expression
of pfl gene were studied. Next, I investigated the effect
of several'mutations on the transcriptional expression of
3pf l. Mutations in the genes, oxrA, rA, cya and cr) were
shown to involve in the genetic regulation of anaerobic
metabolism however, their effect on pfl gene expression
have not been studied. Finally, I Isolated and charac-
terized the mutation pflR which abolished the anaerobic
induction of pfl::Mu dl-8(Apr lac). The transcriptional
orientation of pfl and the effect of F' pfl on pfl ::Mu dl-
8(Apr lac) expression were also studied.
H. Purpose of study
A set of genes are induced under anaerobic condition
and have been referred as an anaerobic stimulon (Smith and
Neidhardt, 1983a). How these genes are regulated is still
unclear. Previous reports suggested the involvement of
redox control, catabolic repression, two positive
regulatory genes, oxrA and oxrC, and DNA topology.
Pyruvate formate lyase, being the key enzyme in
anaerobic metabolism, is a good target for the study of
aerobic-anaerobic shift regulation. An understanding of
its regulation would give us useful information about the
effect of redox, catabolic repression, positive regulatory
genes and DNA topology on the anaerobic regulatory
circuit.
4C, Theoretical framework
The general study of gene regulation is the direct
assay of its product(s). However, pyruvate formate
lyase(PFL) Is very sensitive to oxygen and requires a com-
plex activation system. Thus, it is very difficult to as-
say its activity as a means of studying its regulation.
Therefore, I exploited the lac operon fusion tech-
nique to study the transcriptional regulation of pfl gene.
As a result of lac operon fusion, the structural genes of
the lac operon are brought under the control of a new
promoter-regulatory region, which is the pfl promoter-
regulatory region in my case. Transcription directed by
the pfl promoter-regulatory region will proceed into the
lac operon structural genes and express the lac operon
structural genes. The gene product of lacZ gene,
13-galactosidase, is then used as a marker for examining
the behaviour of pfl gene expression at the transcrip-
tional level. Instead of. PFL, I needed to assay the
(3-galactosidase activity of the fusion strain.
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Chapter II
Review of Related Literature
A. Physiological role of pyruvate formate lyase
Salmonella typhimurium, of the enterobacteriaceaE
bacteria family, is capable of balanced growth in the
presence or absence of molecular oxygen. During aerobic
growth, oxygen serves as the terminal electron acceptor
for a respiratory chain that provides both a hydrogen sink
for metabolically derived electrons and the means for
oxidative energy production. A set of proteins were in-
duced by aerobiosis (Smith and Neidhardt, 1983b). Under
anaerobic condition, S. typhimurium can use other electron
acceptors such as nitrate, nitrite or thiosulfate.
Pyruvate was shown to be a electron donor for nitrite
reduction (Pope and Cole, 1984). A set of proteins were
also induced by anaerobiosis (Smith and Neidhardt, 1983a).
However, in the absence of molecular oxygen oL UL,LCL
electron acceptors, S. typhimurium carries out a mixed-
acid fermentation metabolic pathway, by which pyruvate un-
dergoes stepwise reduction to a variety of end products
and ATP Is produced exclusively by substrate-level
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phosphorylations. Formate, acetate, ethanol, succinate,
lactate, H 2 and CO2 are the end products.
During anaerobic growth, pyruvate is cleaved by the
enzyme pyruvate formate lyase (PFL) (EC 2.3.1.54) to
acetyl-CoA and formate in a nonoxidative reaction:
CH300002+ HS-CoA CHACO-SCoA+ HC0
P yruvate formate lyase constitutes about 3% of the soluble
cellular protein under anaerobic condition (Pecker et al,
1982).
Acetyl-CoA and formate are important in the anaerobic
metabolism. Since there is NADH formation during the
glycolytic pathway, NAD+ is subsequently regenerated b)
reducing acetyl-CoA to ethanol to balance the redoy
potential, two moles of NAD+ are regenerated per mole of
ethanol formed. The conversion of acetyl-CoA to ethanol
required the presence of aldehyde dehydrogenase
(EC1.2.1.10) and alcohol dehydrogenase (EC 1.1.1.1).
Acetyl-CoA is also converted to acetate with the gener-
ation of 1 ATP at the substrate level. The enzymes phos-
photransacetylase (EC 2.3.1.8) and acetate kinase (EC
2.7.2.1 1 are involved in the conversion of acetyl-CoA to
7
acetate. Both pathways regenerate CoA-S H. On the other
hand, formate is dehydrogenated to form CO2 and H2.
Moreover, formate may also supply electrons in the
presence of external electron acceptors such as nitrate
and thiosulfate via anaerobic electron transport chain to
yield ATP.
Besides the presence of pyruvate formate lyase in
converting pyruvate to acetyl-CoA, there also exists a
minor enzyme pyruvate:feredoxin(or flavodoxin) oxidoreduc-
Lase (EC 1.2.7.1) which converts pyruvate into acetyl-CoA.
This enzyme is smaller in amount by a factor of 100-1000
than pyruvate formate lyase (Blaschkowski et al, 1982). As
regards to the regeneration of NAD+, this can also be ef-
fected when pyruvate is converted to lactate or succinate.
The anaerobic metabolism of pyruvate via pyruvate
formate lyase to various products is summarized in Fig.l.
From the figure, we know that pyruvate formate lyase is a
key enzyme in the anaerobic metabolism with respect to
energy production, redox balance, and production of
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Figure 1. Metabolic pathway of Salmonella typhimurium under
anaerobic growth in glucose. PFL, pyruvate formate lyase.
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B• Biochemical properties of pyruvate formate lyase
Pyruvate formate lyase (EC 2.3.1.54) has an a 2
oligomeric structure. The monomeric form has a molecular
weight of 85 kDa. It contains no cofactor. The catalyti-
cally active form of pyruvate formate lyase (Ea) is gen-
erated from an inactive form of the enzyme (Ei) through a
post-translational process. Ea is very sensitive to
oxygen, which rapidly inactivates the enzyme irreversibly
to a form not yet investigated in detail. However, the in-
activated form El is oxygen insensitive and the Ea to El
backconversion requires anaerobic condition (Knappe et al,
1984).
Conversion of El Into Ea occurs upon a shift to
anaerobic conditions. The activation process of El
requires the presence of four components: reduced
flavodoxin, an activating enzyme (activase), S-
adenosylmethionine and pyruvate. The flavodoxin system
and the activating enzyme are constitutively produced un-
der both aerobic and anaerobic conditions. They represent
minor proteins (each 0.1% of the total soluble proteins)
and are insensitive to dioxygen. The activating enzyme Is
a monomeric protein of 30 kDa (Conradt et al, 1984). It
contains a covalently bound, as yet unidentified
chromophoric factor which has an optical absorption peak
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at 388 nrn. The conversion catalysed by the activating en-
zyme is linked to the reductive cleavage of S-
adenosylmethionine to methionine and 5'-deoxyadenosine and
depends on pyruvate as an allosteric effector. The system
is suggested (Knappe and Schmitt, 1976) to operate accord-






Further study of the in situ state of pyruvate formate
lyase has led to the detection of a reversible backconver-
sion of the active form Ea Into El when anaerobic cells
become nutrient-depleted (Conradt et al, 1984).
The catalytic cycle of pyruvate formate lyase in-
volves a covalent-catalytic cysteinyl residue to process
pyruvate, reversibly, by a two-step (ping-pong) mechanism:
E+ pyruvate-- E-acetyl+ formate
E-acetyl+ CoA-- E+ acetyl-CoA (Knappe et al, 1984).
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It was suggested that the mechanism for the catalytic
cycle of pyruvate formate lyase involved a free radical
since the post-translational activation introduces Into
pyruvate formate lyase a free radical, which may be
responsible for Its catalytic activity (Knappe et al,
1984). Knappe et al (1984) demonstrated that the
catalytic activity and the radical content of pyruvate
formate lyase are intimately linked to each other. They
are concommitantly generated by the adenosylmethionine-
dependent enzymatic process and are concomitantly
destroyed by chemical modification by hypophosphite or
oxygen.
C. Genetics of pyruvate formate lyase
In S. typhimurium, the pfl gene maps in the same
region as in Escherichia coll. The pfl gene was located in
the gal-aroA segment of Salmonella typhimurium LT2
chromosome by co-transductional study (Pascal et al
1977). The established sequence bio-chl-pfl-aroA located
at 18-19 units on the Salmonella typhimurium genetic map
(Sanderson and Roth, 1983).
pfl mutations were isolated from both S. typhimurium
(Chippaux et al, 1972) and coil (Varenne et al, 1975).
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The mutants could not accumulate H2 In glucose-rich medium
unless formate was present (Pascal et al, 1977). Moreover,
pfl mutant could not grow or grew poorly in minimal
glucose medium anaerobically but the defect was restored
when exogenous acceptor such as nitrite or nitrate was
added to the medium (Casse et al, 1976 Pascal et al,
1981 Abou-,Taoude et al, 1978).
Detailed studies on the regulation of the synthesis
of pyruvate formate lyase is lacking there is only one
study (Pecher et al, 1982) in which the expression of
pyruvate formate lyase from a cloned structural gene was
reported. The pfl structural gene was fortuitously cloned
in a A vector when Christiansen and Pedersen (1981) cloned
the aspC2 gene which encodes the structural gene for
ribosomal protein Si. Pecher et al (1982) then constructed
a plasmid (p29) from the transducing phage l aspC2. From
the study of the expression of pyruvate formate lyase from
the cloned pfl structural gene, Pecher et al demonstrated
that aerobic grown cells of Escherichia cols contained a
basal level of pyruvate formate lyase (in the Inactive
form) which was derepressed 5- to 10-fold under
anaerobiosis. The presence of the plasmid p29 caused over-
production of pyruvate formate lyase, 11-fold upon
anaerobic growth on glucose, 14-fold upon aerobic growth
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on glucose and 33-fold upon aerobic growth at the expense
of D-lactate. The overproduction of pyruvate formate lyase
upon aerobic growth on glucose was parallel to the in-
crease in gene copy number. However, the overproduction
upon aerobic growth at the expense of D-lactate was twice
as high. From this result., they suggested that titration
of some repressors which limits pfl expression under
aerobic conditions occurred.
D. Proteins induced by anaerobiosis
Pyruvate formate lyase is one of the proteins induced
by anaeroblosis. The physiological alterations associated
with the transfer of an aerated culture of Salmonella
typhimurium to anaerobic condition are extensive. Most
notable are changes in the routes of carbon source
utilization and energy metabolism (Reichelt and Doelle,
1971 Thomas et al, 1972).
A set of proteins are induced by anaerobiosis. Most
of these proteins were also present during aerobic growth
but the levels increase during anaerobic growth.
Anaerobic induction ranged from 1.8- to 11-fold. The time
course of synthesis of these proteins when shifted from
aerobic condition to anaerobic condition were of three
14
distinct temporal patterns: pattern I was characterized by
an immediate, large change in rate of synthesis, followed
by gradual recovery, one example is pyruvate formate
lyase pattern II was characterized by a lag phase and
then the synthetic rates of these proteins rapidly ad-
justed to a slightly higher level, examples are Embden-
Meyerhof enzymes pattern III was characterized by a slug-
gish response to shifts in oxygen availability. (Smith and
Neidhardt, 1983a).
From two-dimensional electrophoretic analysis, it was
estimated that there were at least 30 proteins induced by
anaerobiosis in Salmonella typhimurium (Spector et al,
1986), 18 proteins in Escherichia coil (Smith and
Neidhardt, 1983). On the other hand, by means of gene fu-
sions to lacZ gene, it was estimated that Escherichia coil
contains about 50 anaerobically induced genes (Clark,
1984).
The precise signal the bacterial cells uses to recog-
nize an oxygen deficiency'is still not clear. But at
least one protein regulator of the system has been iden-
tified as the product of the fnr (nirR, nirA) gene, a
positive regulatory protein with much homology with the
CRP protein (Shaw et al, 1983). Mutation in fnr is
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recessive fnr mutants are unable to express the systems
of the anaerobic respiration with fumarate, nitrate, and
nitrite (Chippaux et al, 1981 Lambden and Guest, 1976
Newman and Cole, 1978). With regard to Salmonella
typhimur ium, Strauch et al (1985) identified two
regulatory loci called oxrA and oxrB. The map position of
oxrA and the complementation by cloned fnr from Es-
cherichia cola indicated that oxrA Is equivalent to fnr
(Jamieson and Hiaains 1984
The mechanism by which fnr/oxrA controls anaerobic
metabolism is not clear. The fnr gene was cloned, and the
primary structure of the Fnr protein was deduced from the
nucleotide sequence (Shaw and Guest, 1982 Shaw et Al.
1983). This has revealed a striking degree of homology be-
tween the Fnr protein and CRP, the cyclic AMP receptor
protein, which releases catabolite repression by binding
to specific regulatory sites of catabolite-sensitive genes
(Pastan and Adhya, 1976). This homology suggests that Fnr
may function like CRP to activate the transcription of
genes concerned with anaerobic metabolism. There was
evidence that cyclic AMP was involved in anaerobic gene
expression. Cyclic AMP was required for the full anaerobic
induction of the fumarate reductase gene, frd (Unden and
Guest, 1984). However, the Fnr protein does not contain
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the amino acid residues for specific contacts with cyclic
AMP. On the other hand, it was demonstrated that there was
redox control of synthesis of anaerobically induced en-
zymes (Pecher et 61, 1983). Unden and Guest (1984) sug-
gested that, to interact with DNA, the Fnr
protein may need to bind to an unidentified effector or
effectors which signal the redox states of the cell. On
the other hand, the Fnr protein itself could be redox-
sensitive
Some anaerobic induced proteins are not under
fnr/oxrA control. By Mu d(Apr lac) operon fusions,
Aliabadi et al (1986) demonstrated that there were three
classes of anaerobic inducible proteins: class I loci were
regulated by both oxrA and oxrB loci, class II genes were
regulated by oxrA only, and class III loci were not af-
fected by either regulatory locus.
Using the anaerobic-inducible tripeptide permease
tppB gene, which was not controlled by oxrA (Jamieson and
Higgins, 1984), Jamieson and Higgins (1986a) Isolated a
mutation oxrC which prevent the anaerobic induction of
tppB. The oxrC mutations were plelotropic, preventing the
anaerobic expression of the formate dehydrogenase com-
ponent of formate hydrogen lyase encoded by fhl gene, a
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tripeptidase encoded by pepT gene, and two of the three
hydrogenase isoenzymes (hydrogenase 1 and 3). Transcrip-
tion of fhl was controlled by anaerobiosis (Barrett et al,
1984). However, fnr(oxrA)-dependent enzymes, such as
nitrate reductase (Chippaux et al, 1981), were not af-
fected by mutations in oxrC. Phenotypically, the primary
defect of oxrC mutants was a deficiency in phosphoglucose
isomerase activity, implying that a product of glycolysis
functions was an anaerobic regulatory signal. Based on the
fact that fnr-dependent enzymes perform primarily
respiratory functions, whereas oxrC-dependent enzymes
served fermentative or biosynthetic roles, Jamieson and
Higgins (1986) suggested that there were two genetically
distinct pathways for transcriptional regulation of
anaerobic gene expression in Salmonella typhimurium.
In addition to the regulation by diffusible protein
product encoded by the fnr/oxrA genes, Yamamoto and Drof-
fner (1985) indicated that supercoiling of the bacterial
chromosome also played an important role in promoter
selection under aerobic and anaerobic conditions. Mutants
of S. typhimurium Isolated as strict aerobes were found to
contain mutations in the qyrA or gyrB genes (DNA gyrase)
while mutants Isolated as strict anaerobes contained muta-
tions In the topA gene (topolsomerase I). Thus gyrA Is an
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essential anaerobic gene for anaerobic growth
E. lac operon fusions
Pyruvate formate lyase is very sensitive to oxygen
and requires a complex activation system so its direct as-
say is very difficult. To overcome this problem, I ex-
ploited the operon fusion technique to study its
transcriptional regulation. This technique allows me to
measure the (3-galactosidase activity expressed by the lacZ
gene as a marker for the expression of the pfl gene. The
basic principle of the technique is discussed below.
We can fuse the structural genes of lac operon
without promoter to other operons or genes of interest by
the technique of operon fusion (Krueged and Walker, 1983).
Operon fusions with the defective bacteriophage Mu dl(Ap
lac cts62) have been widely used to study the regulation
of gene expression in Escherichia coli and Salmonella
tvohimurium (Silhavy and Beckwith, 1985).
As a result of lac operon fusion, the structural
genes of the lac operon are brought under the control of a
new promoter. This type of fusion is especially useful for
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studying the regulation of genes or operons whose products
are difficult to assay or whose gene products are even not:
known. It is because lac operon fusion permits
0-galactosidase activity (gene product of the lacZ gene)
to be used as a tag or marker for examining the behaviour
of other bacterial genes (Casadaban, 1976).
The reason for using lac operon fusion is because the
lac operon is a well-studied operon. There are a lot of
methods developed to study the lac structural genes. For
Instance the level of the lacZ gene product
((3-galactosidase) can be simply detected by observing the
blue colour of the colonies on indicator plate containing
5-bromo-4-chlor-3-indolyl-D-galactoside (X-gal). X-gal is
an analog of lactose, and when cleaved by.(3-galactosidase,
a blue-colored product is produced. Moreover,
0-galactosidase enzyme level can be assayed quantitatively
by the method of Miller (1973). In addition, inhibitor
(phenylethylthiogalactoside) of (3-galactosidase is also
available.
The simplest technique for fusing genes is the one
step procedure developed by Casadaban and Cohen (1979).
This procedure uses a genetically modified specialized
transducing Mu phage. The modified Mu phage is called
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Mu dl (Apr, lac cts62) or simply called flu dl (Apr lac). Some
of the genes of Mu phage, which are lethal to the host or
cause barriers to transcription in the genome are missing.
A 0-lactamase gene complete with its own promoter sub-
stitutes the missing genes. Moreover, the structural
genes of lac operon without promoter is also added. In
addition, the Mu phage carries a temperature sensitive
repressor gene cts62. Thus when Mu dl(Apr, lac cts62) In-
tegrates into the chromosome, the cell become resistant to
ampicillin. Upon Infection of Mu-sensitive bacteria, the
Mu phage genome can integrate into the host at apparently
random sites. If the integration is in the proper
orientation, transcription directed by the adjacent
promoter-regulatory region will proceed into the Mu
dl(Apr, lac cts62) genome to express the lac structural
genes. At the same time, the gene inserted by Mu
dl(Apr, lac cts62) is inactivated. As a result, the gene
product of lack gene is used as a marker for examining the
behaviour of the inserted operon or gene.
Since Mu bacteriophage normally does not infect Sal-
monella typhimurium, the above method can only apply to
Escherichia coll. However, Lee et 1 (1980) constructed an
E. coil strain which carries Mu dl(Aprlac) on F' episome.
S'. typhimurium and,E. coil are compatible in conjugation.
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The Mu dl (Apnlac) on F' episome was transferred to S.
typhimurium via conjugation. Once the strain ic.
constructed, further transfer among S. typhimurium can be
done by means of P22 bacteriophage generalized
transduction.
The Mu dl fusions are heat inducible, they are
unstable and require stabilization. This problem of in-
stability has been overcome by the recent isolation of Mu
dl-8(Ap lac), a Mu dl derivative that contains two amber
mutation in genes A and B, the genes for transposition
(Hughers and Roth, 1984). Mu dl-8 fusions are stable when
they are maintained in a strain with no suppressor
mutation. Mu dl-8 bacteriophage genome was used in this
study to construct pfl::Mu dl-8 (figure 2).
We can exploit the lac operon fusions for lots of
genetic studies such as follows:
1. Physiological study on regulation (Jovanovich, 1985)
2. Studying the regulation of a gene in the absence of
its product (Maloy and Roth, 1983)
3. Isolation of new classes of regulatory mutants
(Debarbouille et al, 1978)

















Figure 2. Structure of pf1::Mu d 1-8 operon fusion
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5. Distinguishing transcriptional from posttranslational
control
6. Determination of transcription orientation (Aliabadf
et al, 1986)
7. Cloning of regulatory genes (Taylor et al, 1981).
Actually, there are more uses of lac operon fusion





The bacterial strains used during this study are
listed in Table 1. Transductions employing P22 int-4 phage
was described by Ely et al.(1974). The Mu dl derivative
Mu dl-8 was described by Hughes and Roth (1984).
B. Media.
8.1 Source of Chemicals
Ampicillin, fusaric acid, tetracycline,
chlortetracyline, kanamycin sulfate, tryptophan, 5-bromo-
4-chloro-3-indolyl-B-D-galactoside (X-gal), carbon
sources, and organic acids were products of Sigma, St.
Louis, MO, U.S.A.. MacConkey-lactose, Bacto-agar, nutrient
agar (NA), and MacConkey agar base were all from Difco
Laboratories.
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S. Artz bAZ151G trp::Tn5/F'123 finP trp
AZ1516F trp::Tn5 F isolate of AZ1516
TT629 strAl pyrC7/F'114ts 1ac+ Chumley et al(1979)
zzf22::TnlO
TT7610 supD501 zeb-609::TnlO Hughes and Roth (1984)
TT8388 recAl zeb-609::TnlO/ Hughes and Roth (1984)
F'128 zzf-1066::Mu dl-8
EB40 ch1::TnlO Barrett et al (1984)
EB55 K wan and Barrett (1983)glpT116
SL5442 pfl zbi:: Tn1C Hoiseth and Stocker (1985)
SCSG378 pfl Hoiseth and Stocker (1985)
HSK100 SGSC37 was transduced withpfl zbl::Tn1C
P22(SL5442) to Tet, and
tested for Gas and H)S.
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bJT68 oxrE zda::TnlO J. Tang
JT73 J. Tang 6oxrA::TnlO
PP1002 P. W. Postma 6cya1091::TnlO trpB223
PP1037 crp773::TnlO trpb223 P.W. Postma6
K 2n pfllOl::Mu dl-8 trp::Tn5 This study
HSK1 trp::Tn5 zeb-609::TnlO
supD501 Transduced AZ1516F with
P22(TT7610) to Tetr, and
tested for supD
HSK2 trp::Tn5 supD50l TetS isolate
from HSK1
HSK3 pfl zbi::TnlO trp::Tn5 RB516F was transduced
with P22(HSK100) to Tetr,
and tested for Gas and
H2S.
HSK4 pfl zbi::Tn10 trp::Tn5 isogenic pair
with HSK3
HSK14 pfll02::Mu dl--8 trp::Tn5 This study
HSK15 pfll03::Mu dl-8 trp::Tn5 This study
HSK16 pfll04::Mu dl-8 trp::Tn5 This study
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HSK1101
cya::Tn1O pfllOl::Mu dl-8 trp::Tn5 This study
HSK1102
cya::Tn10 pfll02::Mu dl-8 trp::Tn5 This study
HSK1103
cya::Tn10 pf1103::Mu dl-8 trp::Tn5 This study
HSK1104
cya::Tn10 pfll04::Mu dl-8 t_rp::Tn5 This study
HSK1105
oxrA::TnlO pfll0l::Mu dl-8 trp::Tn5 This study
HSK1106
oxrA::TnlO pfll02::Mu' dl-8 trp::Tn5 This study
HSK1107
oxrA::TnlO pfll03::Mu dl-8 trp::Tn5 This study
HSK11013
oxrA::TnlO pfll04::Mu dl-8 trp::Tn5 This study
HSK1109 gyrA pfllOl::Mu dl-8 spontaneous N a l
isolate of K2n
HSK1110 gfd zxx::TnlO pfllOl::Mu dl-8 This study
HSK1111 agfd zxx::TnlO pfllOl::Mu dl-8 This study
HSK1112 pfllOl::Mu dl-8 aroA5330 This study
HSK1113 pf1101::Mu dl-8 aroA5330/F' This study
pfl aroA 4
HSK1114 This studyoxrA::TnlO pfllOl::Mu dl-8
aroA5330/F' pf 1+ aroA+
This studyHSK1115 oxrA:: TnlO pf llOl ::Mu dl-8 aroA5330
This study,,oxrA pf l lOl:: Mu dl-8HSK111G
t rp_:: Tn5
This studypflR::TnlO oxrA.pfllOl::Mu dl-8HSK1117
trp::Tn5
This studypf1R::Tn10 z oxrA pfllOl::Mu dl-8HSK1118
trp::Tn5
This studyHSK111S cya::Tn10 4oxrA
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pfll0l::Mu dl-8 trp::Tn5
I-1SK 1120 crp::TnlO pfllOl::Mu dl-8 This study
trp::Tn5
HSK1121
acya crp::TnlO pfllOl::Mu dl-8 This study
trp::Tn5
HSK1122 L cya pfll0l::Mu dl-8 trp::Tn5 This study
VSK1123 acya oxrA::TnlO This study
pfll0l::Mu dl-8 trp::Tn5
HSK1124 pf lR:: TnlO doxrA trp ::Tn5 This study
HSK1125 F'114ts lac+ zzf22::TnlO/ This study
pfllOl::Mu dl-8 t_rp::Tn5
HSK1126 F'114ts lac4 zzf22::TnlO/ This study
pfllO2::Mu dl-8 trp::Tn5
HSK1127 F'114ts 1ac+ zzf22::TnlO/ This study
pfll03::Mu dl-8 trp::Tn5
F'114ts lac-#-
HSK1128 zzf22::TnlO/ This study
pfl104::Mu dl-8 trp::Tn5
HSK1129 cya::TnlO' pfllOl::Mu dl-8 This study
a-
aroA5330/F'pfl aroA
This studyHSK1130 ack+ zde::TnlO pfll0l::Mu dl-8
aroA5330/F' pf 1+ aroA
This studyHSK1131 ack zde::TnlO pfllOl::Mu dl-8
aroA5330/F' pf 1+ aroA
This studyoxrE zda::TnlO pfll0l::Mu dl-8HSK1132
trp::Tn5%
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HSK1133 oxxE- zda::TnlO pfll0l::Mu dl-8 This study
TRP:: Tn5
HSK1134 HfrK4 pf1R::TnlO oxrA This study
HSK1135 pf1R::TnlO oxrA/ F'114ts This study
lac zz-f22:: TnlO
KL725
pyrD34 trp-45 his-68 recAl thi-1 galK35 B. Low (1968)
malAl (A) xyl mt12 rpsLll8/ F' Dfl+ aroA
a. All strains were derived from wild type Salmonella
typhimurium strain LT2, except strain KL725 which was




Complex medium consisted of 0.8% nutrient broth
(Difco Laboratory).
Mineral medium (E medium) consisted of 0.2 g
MgSo4, 7H 2 O, 2 g citric acld. 1H2 O, 10 g K2 HPO4
anhydrous, 3.5 g Na(NH4)HPO 4.9H20, per liter, (Vogel and
Bonner, 1956). E medium was prepared as 50-fold con-
centrate and was diluted to final medium. For plate, 15g
Bacto-agar was added per litre medium. After the agar
solution was autoclaved, suitable amount of 50x E medium
concentrate was added to give lx final concentration when
the autoclaved agar was still hot.
NCE medium (no carbon or no citrate E medium)
consisted, per litre, of 3.94g KH2PO4, 6.5g K2 HPO4. H2O,
3.5g Na(NH4)HPO4.H2O, and 5.31g MgSO4. NCE medium was
also prepared as 50-fold concentrate with MgSO4 left out
of the concentrate. MgSO4 was prepared as 1000-fold con-
centrate and was added separately with the 50-fold NCE
concentrate to the final medium. For the test of
auxotrophic markers, E medium was used, while the test of
growth on carbon sources, NCE medium was used. For solid
media, 1.5% agar was added to the media.
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B.3 Media for test of PFC phenotype
MacConkey-glucose-TMAO (MGT1) and (MGTO.15) media
were modifications of the MacConkey-TMAO medium described
by Davidson et al.(1979) in which the concentrations of
glucose were changed to 1% and 0.15% respectively and that
of TMAO to 0.1%. 40 g MacConkey agar base was added to 1
litre medium. pfl mutants appeared dark red on MGT1 plate
aerobically while the wild type was pink. Under anaerobic
condition, MGTO.15 was used, in which the difference be-
tween pfl mutant and wild type was more distinct. Colonies
of the pfl mutant were pink while those of the wild type
were white. Color of colonies were scored after 24 hours
incubation.
B.4 Medium for test of OXRA phenotype
MacConkey-nitrate medium, described by Barrett et al.
(1979), consisted of 40 g MacConkey agar base, 0.5g
NaCOOH, 0.5g glycerol, O.lg glucose, and 10 g
KNO 3' per litre. Under anaerobic condition, oxrA
mutant had tiny dark red color colonies and the wild type
had large white colonies. Color of colony was scored after
24 hours incubation.
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B.5 Medium for test of Lac+ phenotype
X-gal plates (Miller, 1972) contained 40pg/ml X-
gal in nutrient agar. X-gal was prepared as 2% X-gal
solution in Dimethylformamide (DMF) and added to the
medium. MacConkey lactose was also used. Lack colonies
were blue on X-gal plate, and red or pink on MacConkey
lactose plate.
B.6 Medium for test of Tetracycline sensitivity
Fusaric acid plates described by Maloy and Nunn
(1981) contained 15g Bacto-agar, 5g Bacto-yeast extract,
5g tryptone broth, 50mg chlortetracycline hydrochloride,
10g NaCl, 10g NaH2 PO4. H2O, 12mg fusar_ is acid, and 1.35g
ZnC12. Fusaric acid (2mg/ml) and ZnC12 (20mM) were
prepared as stock solutions and added to the autoclaved
medium on the other hand, chlortetracycline hydroch-
loride prepared as 12.5 mg/ml stock solution was added to
the medium before It was autoclaved. Only tetracycline
sensitive strains could grow on this plate.
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B,7 Medium for test of phage infection
Green indicator plate contained, per litre, 8g Bacto-
tryptone, lg yeast extract, 5g NaCl and 15g Bacto-agar.
After autoclave, 25m1 40% glucose, 25m1 2.5% alizarin
yellow, and 6.6m1 2% aniline blue sterile stock solution
were added to the medium. Alizarin yellow was added while
the medium was still hot. Dark green colonies indicated
the presence of phage infection while yellow color indi-
cated the absence of phage.
B.8 Supplements to culture media
When needed, potassium nitrate (20%) and glucose
(40%) or carbon sources were autoclaved separately as
stock solutions and added to 1% final concentration.
Tryptophan was prepared as 40mM stock, filter sterilized,
and added to the autoclaved medium at 1 mM final
concentration. Ampicillin and tetracycline were added
directly to the media at concentrations of 50 u g/ml and 20
Ng/m1, respectively, after the culture media were
autoclaved. For minimal medium, ampicillin and
tetracycline were added to the media at concentrations of
25 pg/ml and 10 pg/ml respectively.
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C. Phenotypic characterization
The following phenotypic characteristics of the fu-
sion mutants were tested, with their parent AZ1516F as
control.
C.1 Gas production from pyruvate and glucose
Gas production. was detected by inoculating the bac-
teria to NB with 1% glucose or pyruvate in test tubes with
durham tube, in the presence or absence of 10 mM formate.
The tubes were then grown at 37°C as stand cultures for 24
hours and scored for the presence of gas in the durham
tube.
C.2 H2S production from thiosulfate
Mutant cultures were stabbed into peptone iron agar
tubes, which were incubated at 37°C for 24 hours and ex-
amined for black color formation. If H2S is produced, It




Formate was detected with the chromotropic acid test
(Eegriwe, 1937). 0.1 ml of test sample was mixed with 0.1
ml 2N HC1. Then Magnesium powder was added until no more
gas was liberated. Finally 3 ml 12N H 2SOq was added and a
few mg of chromotropic acid was added afterward. The mix-
ture was then incubated at 60°C In a water bath for 10
minutes. Positive result gave violet-pink color. The sen-
sitivity of this technique was 1.4 ug of formate.
To prepare samples for formate assay, mutants and
wild type were grown anaerobically at 370 C In 13mm x
1500mm Bellco test tubes filled with 18.5 ml NB and
plugged with rubber stoppers. After overnight growth, cul-
tures of similar A650 were used for formate detection. The
overnight cultures were pelleted by centrifugation and
resuspended in 0.5m1 NB+ 2% pyruvate and incubated at
37°C for 6 hours as stand cultures, which were then used
fnr fnrma cPtection.
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C.4 HPLC analysis of organic acids products
The procedure was that described by Guerrant et al
(1982).
HPLC analysis conditions were as follows:
Mobile phase: 10.8% acetonitrile in 0.007N H2SO4 which
was degassed with nitrogen or vacuum pump.
Flow rate: 0.6ml/min
Temperature: Room temperature
Column: Aminex HPX-87H cation-exchange column (300 by
7.8 mm) for organic acids (no. 125-0140 Blo-
rad) with a holder (no. 125-0131 Blo-rad) and
Micro-Guard column (no. 125-0129 Blo-rad
Laboratories, Richmond, Calif.)
HPLC equipment:
Beckman Model 332 Gradient Liquid
Chromatograph system:-
- 427 integrator operator
- 210A Sample Injection Valve (20 )11)
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- 110B Solvent Delivery Module Pump
- 163 Variable Wavelength Detector
- 420 System Controller programmer.
Sample preparation for HPLC analysis:
Mutants and wild type were grown anaerobically for 36
hours in minimal glucose supplemented with 1mM tryptophan.
Then for 2m1 broth culture in 15 ml Corex tube, 0.2m1 18N
H2 SO4, 0.6g NaCl, 5m1 diethyl ether and 25 1 acetonitrile
were added. The mixture was vortexed vigorously for 1
minute and then centrifuged at 1000 g for-1 minute. The
ether layer was transferred to a clean centrifuge tube
with pointed end and 0.4 ml 0.1N NaOH was added. The mix-
ture was vortexed for 1 minute and centrifuged at 1000 g.
The upper ether phase was removed with pasteur pipette and
25}11 acetonitrile was added to the NaOH phase. After the
evaporation of residual ether, the sample was filtered
with a 0.45p Nylon 66 membrane filter (Altech) in a filter
holder with a syringe. 25pl sample was introduced into the
HPLC with a Hamilton 25pl injector syringe. Then 20,ul
bypass sampling loop Was used, and the variable wavelength
detector was adjusted to 210 nm with 0.1 absorbance units
sensitivity. All glassware was washed with HPLC mobile
phase or double distilled water before use.
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D-glucose assay:
D-glucose were determined by the ortho-toluidine
method (Dubowski, 1962). 1 ml sample (or suitable
dilution) was mixed with 3m1 of 6% (v/v) ortho-toluidine
in acetic acid in a test tube and placed in boiling water
bath for 10 minutes. After cooling, the absorbance was
measured against a reagent blank at 630nm and compared
with a standard curve obtained from a series of standards
in the range 0.1-0.7 mg D-Glucose/ml. Organic acids
produced were compared under 100 moles glucose consumption
basis.
D. Genetic techniques.
D.1 Preparation of P22 lysates
Method described by Davis (1980) was employed to grow
P22 lysates. Bacterial culture was grown overnight in
nutrient broth at 30 or-37°C with shaking. For 2 ml phage
medium (NB+ E medium and 1% Glucose), 40 i1 overnight
culture and 10 p1 phage(~ 5x101 pfu/ml) i. e. M.O. I. of
0.01 was used. The mixture was grown overnight with shak-
ing at 30 or 37°C.' Then bacteria was lysed in tube by ad-
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ding a few drops of chloroform and vortexing vigorously.
Debris was precipitated with centrifuge and the super-
natant (phage broth) was poured into screw cap tubes. A
few drops of chloroform was added into the phage broth
which was kept in refrigerator. Fresh lysate was left in
refrigerator for at least one or two hours before use.
D.2 Generalized transduction
The generalized transducing phage P22 int-4 was used
for generalized transduction. Transduction was performed
according to the method of Ely et al (1974). 0.1 ml of a
freshly grown overnight culture of the recipient strain
was pipetted onto the center of an appropriate transduc-
tion plate. Then 0.1 ml P22 lysate was added to the
recipient culture. P22 lysate and bacterial culture were
mixed by spreading with a bent glass rod. The plate was
allowed to dry, and was incubated at the desired
temperature. Transductants were observed on the transduc-
tion plate after 24 to 48 hours of growth.
D.3 Generation of operon fusions with transposon Mu dl
8(br lac transposition mutagenesis
S. typhimurium strain TT8388 which has a Mu dl-8(Apr
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lac), with two amber mutations in genes A and B, insertion
in its F' factor (Hughes and.Roth, 1984) was used as the
donor of Mu dl-8 (Apr lac) to generate operon fusions.
P22 lysate was prepared from strain TT8388 by the
procedure described above and this lysate was used to
transduce strain HSK2 to ampicillin resistance on aerobi-
cally incubated MGT1 plates containing 50 ug/ml of
ampicillin. After 24 hours incubation at 30°C, the plates
were examined for red colonies among pink-centered wild-
type colonies. Putative pf1::Mu d1-8(Apr lac) mutants
were purified on MGT1+ Amp for 3 time and once on green
plate. Mu dl-8 fusion were immobilized by maintaining in
strains without any suppressor mutations (Hughes and Roth,
1984). gfd::Mu dl-8(Ap'' lac) (glucose fermentation
defective) mutants had white colonies on this plate.
D.4 Immobilization of Mu dl-8 fusion
Fusions were not stable in strain HSK2, which has the
amber suppressor mutation supD. It is because Mu dl-8 is a
conditionally transposition-defective derivative of Mu
dl(Ap lac) with amber mutations in transposition genes A
and B. This defect was corrected transposon.. Thus to sta-
bilize the fusion mutants, P22 lysates were grown on the
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Isolated fusions and used to transduce the strain
AZ1516F-, which lacked an amber suppressor, to Apr. The
transductants were purified and checked for the parent
phenotypes.
D.5 Generation of deletion mutant from Mu d1-8 fusion
carrying supD mutation
Mu dl-8 genome in strain HSK2 which carried the supD
mutation was unstable, especially at a high temperature
and could transpose away from the insertion site, and part
of the DNA at the insertion site would simultaneously be
deleted. To generate the deletion, overnight culture of
the desired strain was diluted to about 107 cells/ml and
0.1 ml of this dilution was spread onto NA or HacConkey
agar plates which were preincubated at 430C. Colonies were
observed after about 2 days of incubation and tested for
ampicillin sensitivity. Moreover, deletion mutants ap-
peared on the MacConkey agar plate as white colonies, dif-
ferent from the red lac,+ parent.
D.6 Cotranductional mapping of the putative pfl::Mu dl-
8(Apt lac)
To determine the linkage to zbi::Tn10 locus, which
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was about 70% cotransducible with pfl locus, fusions were
transduced to tetracycline resistance with P22 lysate
grown on strain SL5442 which carried the zbi::Tn10
insertion. Transductants were scored for the percentage of
ampicillin resistance.
To determine the linkage to aroA locus, deletion was
generated from the fusion strain K2n. aroA5330 mutant was
transduced to prototrophy on minimal glucose E medium with
P22 lysate grown on the deletion mutant. Transductants
were purified and scored for the percentage of gas minus
transductants. Alternatively, fusion was transduced to the
aroA5330 background. This strain was transduced to
prototrophy with P22 lysate grown on AZ1516F Transduc-
tants were scored for the percentage of ampicillin sensi-
tive strains by picking and patching on minimal glucose
plate and minimal glucose plate plus ampicillin.
D.7 Preparation of P22 phage lysates on Tn10 pool
Pools of Tn10 insertion strains were inoculated from
permanent stock into nutrient broth containing 10mM EGTA
and lOpg/ml tetracycline. After 24 hours of growth, the
cultures were washed. The washed cultures were then used
to prepare P22 lysates. Each pool contained about 5000 in-
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dependent TnlO insertion strains.
D,8 A general method for isolation of Mu dl-8(Apr lac)
operon fusions In Salmonella typhimurium LT2 from
Tn10 Insertion strains
Preparation of P22 transduction lysate on pools of random
lac operon fusions:
Mu d1-8 random insertions were obtained by transduc-
ing supD strain HSK2 to ampicillin resistance with P22
lysate grown on TT8388, which has a Mu dl-8 containing F'
episome (Hughes and Roth, 1984), on nutrient agar supple-
mented with 50pag/ml ampicillin. The preparation of P22
lysate on pools of random lac operon fusions was the same
as the preparation of P22 transducing lysate on pools of
Tn10 insertion strains (Davis et al., 1980). For each
pool, about 5,000 to 10,000 colonies with ampicillin
resistant Mu dl-8 insertions were suspended with nutrient
broth containing ECTA (10mM) and ampicillin (50ug/ml),
washed twice, diluted to 'about 10 tells/ml in the same
medium, and incubated overnight with shaking at 30 C. P22
transducing lysate was grown with this overnight culture
in nutrient broth with E medium (Vogel and Bonner, 1956)
and supplemented with 1% glucose and 50 pg/ml ampicillin.
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Isolation of specific Mu dl-8 fusions displacing a Tn10
Insertion:
P22 lysate grown on the random Mu dl-8 insertion poo
was mixed with an overnight nutrient broth culture of th
Tn10 insertion mutant on a fusaric acid plate supple
mented with 50,p g/ml ampicillin (fusaric acid-ampicilli]
plate), incubated at 37°C for 2-3 days. Colonies on the
plate were tested for tetracycline and ampicillin resis-
tance by patching onto nutrient agar supplemented with Am-
picillin (NA-Amp plate) and with tetracycline plus am-
picillin (NA-tet-amp plate). TetsApr isolates were saved
for genetic analysis. The isolates were first tested for
linkage of their Mu dl-8 fusions to the Tn10 Insertion in
the parental strain. A preliminary spot test was done by
spreading two 0.3m1 portions of P22 lysate grown on the
Tn10 Insertion parent on two plates: nutrient agar with
tetracycline (NA-tet plate) and NA-tet-amp plate, followed
by spotting 0.02m1 of overnight cultures of the Mu d1-8
isolates onto both plates. The isolates which gave
numerous transductants on both plates were considered to
have Mu dl-8 unlinked to the parental Tn10 insertion. The
linked Mu dl-8 Insertions gave numerous transductants on
NA-tet plate, but none or a few transductants on NA-tet-
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amp plate. The putative linked Mu d1-8 Insertions were
further tested for linkage to the parental Tn10 Insertion
by co-transduction test on full plates.
D.9 Isolation of secondary Tn10 insertion mutation af-
fecting the expression of pfl::Mu dl-8
pfl::Mud1-8 carrying a deletion in oxrA locus was
transduced to tetracycline resistance on MacConkey plate
with 20pg/ml tetracycline with P22 lysate grown on TnlO
ilia@r t i on pool 5t-rain B. Tr ans ductants were observed for
the presence of any pink or white colonies.
D.10 Determination of transcriptional orientation
The technique described by Maloy and Roth (1983) was
used to determine the direction of transcription of the
operon fusions. To transfer F'ts lack Tn10 plasmid from
strain TT629 to the operon fusions, overnight culture of
strain TT629 grown at 30°C was crossed with the fusion
strains on minimal glucose plate plus tetracycline and
spread with 0.05 ml 40mM tryptophan at 30°C. Recombinants
were selected as pyrC+ and Tetr (Chumley et al, 1979).
Purified recombinants were checked for trp::Tn5 phenotype.
Finally the recombinant was grown overnight at 30°C In
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NB and then inoculated into fresh NB but at 420C for the
enrichment of Hfr population for conjugation with
auxotrophic markers. Hfr strains were generated from the
integration of F'ts lack TnlO plasmid (which is tempera-
ture sensitive) into operon fusion strains by using
sequence homology between the lac operon on the plasmid
and lac sequences present in the Mu d1-8 insert. The
orientation of the Mu d1-8 insert dictated the orientation
of F' factor integration and the direction of transfer of
the resulting Hfr. Closely located auxotrophic markers on
both side of the Mu dl-8 site were used for conjugation
with the resulting Hfr strain.
D.11 Conjugation mapping of pf1R::Tn10
Hfr strain HfrK4 was transduced to tetracycline
resistance with P22 lysate grown on pf1R::Tn10. The
transductant was then conjugated with a series of
auxotrophic markers with gene loci separated from each
other for about 5-10U on the chromosome map. Prototrophs
resulted from conjugation were tested for tetracycline
resistance. The cotransfer frequencies of the markers and
tetracycline resistance were plotted against the map
units. The gene locus of pf1R::Tn10 was estimated from the
peak of the cotransfer frequencies. Mating was mainly that
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described by Miller (1972).
Another method of conjugation mapping was by F'
mobilization. F'ts lac+ TnlO plasmid from strain TT629
was transferred to pf1R::TnlO tip::Tn5 and Hfr strain was
produced by the same procedure described in section D.10,
but Hfr was produced via TnlO homologous recombination in-
stead of lac. The constructed lift strain was conjugated
with a series of auxotrophic markers. The Tn10 insertion
site was identified from the difference in'conjugation
frequency between the markers at each side of the Tn10
Insertion.
E. Bacterial growth experiments.
E.1 General growth conditions
Anaerobic incubation of liquid culture was achieved
by filling tubes to the top and the tubes were stoppered
after inoculation with rubber stopper. Growth was started
by 1% inoculation with overnight culture grown aerobically
in nutrient broth. Absorbance of the cultures at 650 nm
(A) were measured directly, at time intervals, against
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a blank of growth medium. Anaerobic incubation of plates
was carriaA n In GasPak anaerobic jars (BBL Microbiology
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systems), using an atmosphere of 95% H2 5% CO2. Aerobic
growth of liquid culture was achieved by growing 20 ml
culture in 250 ml conical flask with vigorously shaking.
E.2 Aerobic- anaerobic shift growth
KZn was grown aeroDicaiiy in zumi. ivn iii Gvv nil .Vlll
cal flask. At time intervals, A650 was measured and 0. 5ml
culture was taken out for /3-galactosidase assay. At the
mid-log growth phase, half of the culture was shifted to
anaerobic growth in a Bellco tube and stoppered after the
culture was sparged vigorously with N2 gas for a few
minutes. A was measured directly and 13-galactosidase
6 50
activity was assayed as described in the following.
F. Enzyme assays
F.1 13 -galactosidase assay
The assay procedure was similar to that QFscrive-u vy
Miller (1972): Each strain to be assayed for
0-galactosidase activity was first grown overnight In
nutrient broth at 37°C with shaking. Fully grown cultures
were Inoculated Into culture tubes of test media at an in-
oculation level of 1%. Aerobic cultures were grown in 20
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ml test medium in 250 ml flasks with shaking at 200 rpm.
Anaerobic cultures were grown in Bellco test tubes with
medium filled to the top and stoppered. The cultures were
grown to the stationary phase at 37°C. Absorbance of the
cultures were measured directly in the culture tubes at
650 nm against a test medium blank. The cultures after
growth were kept in ice and immediately prepared for
assay.
For enzyme assay, 15 p1 toluene was added to an 1 ml
culture. The culture was vortexed vigorously for 15 sec.
The culture was left at 37°C for 30 min to evaporate
toluene and then put back on ice. The final volume of this
assay mixture was 1.5 ml. It contained 0.3 ml ONPG (o-
nitrophenol galactoside, 4 mg/ml In 0.1 M phosphate
buffer) and 1.1 ml Z buffer. The assay mixture was equi-
librated at 30°C In a clean test tube in a dry block in-
cubator and 0.1 ml toluenized sample (care was taken to
avoid the transfer of residual toluene) was added to start
the reaction and zero time was recorded at this instant.
When the yellow color formed in the mixture was sufficient
to produced an absorbance at 420 nm of 0.5 to 0.9, the
reaction was stopped by adding 0.75 ml 1 M Na2CO3 to the
reaction mixture. The tube was then left on ice for more
than 10 min before the absorbance at 420 nm was measured
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with a 1 cm curvette. Unit activity of 3-galactosidase was
expressed as follows:
A4.Z0 /m1 lysed cell= A420 x 2.25/0.1
Where 2.25 was the finally assay mixture volume with
Na2CO3, and 0.1 was the volume of sample for assay.
Since 1 nmole/ml ONP corresponds to 0.0045 absorbance
unit at 420 nm, A420/ml lysed cells was thus expressed as:
nmoles of ONP/ml= A420/ml x 1/0.0045 nmoles
Rate of ONP formation was thus:
nmoles of ONP/ml.min= nmoles of ONP/ml
time of incubation(min
Specific activity was expressed as:
nmoles of ONP/ml.min
A650
F.2 (3-galactosidase kinetic studies
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One of the fusions (k2n) was anaerobically grown in
NB, NCE+ 1% Glucose+ 1 mM Tryptophan, NCE+ 0.5%
Glycerol+ 1% NO3, NCE+ 1% Glucose+ 1 mM Tryptophan+
0.1% Casa mino acid and 1% casamino acid, and aerobically
in NB at 37°C. At time intervals, 0.5 ml sample was taken
out for -galactosidase assay and the air space in the
tube was flushed with nitrogen gas. -galactosidase ac-
tivity at the exponential phase was plotted against the
corresponding AE50 and the slope of each curve was calcu-
tated and expressed as differential rate in units of
nmoles ONP produced/min.ml.At,50
F.3 Phophoglucose Isomerase assay
The assay determined the rate of production of D-
fructose-6-phosphate from D-glucose-6-phosphate by crude
enzyme extract from wild-type and mutant. Quantitative
determination of D-fructose-6-phosphate was by the method
described by Roe et al (1949).
The following reagents were used in the assay:
1. Tris-acetate buffer, 80 mM, pH8.0
2. Glucose-6-phosphat sodium salt, 12.5 mM;
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3. Reagent A: 300 ml 12N HCl plus 60 ml deionized water
4. Reagent B: 50 mg thiourea and 20 mg resorcinol dis-
solved in 20 ml glacial acetic acid.
To 0.25 ml Tris-acetate buffer in a test tube, 0.2 ml
Glucose-6-phosphate was added. The reaction was started by
adding 50 }al appropriately diluted sample. After 10
minutes, 1.75 ml reagent A and 0.25 ml reagent B were
added and mixed. Then the test tube was heated at 80°C in
dry block for 10 minutes. After cooling, absorbance at
405nm was measured against a reagent blank and the con-
centration of D-fructose-6-phosphate was read from the
standard curve obtained from a series of fructose standard
in the range of 0.25 umoles/ml to 10 pmoles/ml. Phos-
phoglucose Isomerase activity was expressed as amole fruc-
tncaritirp her minute der ma Wrote in.
G. Preparation of cell extract for. Phosphoglucose
Isomerase assay
Bacteria were harvested at stationary pnase in a so
vall Centrifuge (Sorvall RC2-B, Sorvall Inc., Conneticut,
USA) fitted with a 6 x 250 ml angle head (GSA) at 5000 rpm
for 20 minutes at 4°C. Cell pellets were resuspended in
100 mM MOPS buffer, pH 8 and washed twice with the same
53
buffer. The cell suspension was about 100-fold more con-
centrated than the original culture and was stored at
-20°C before sonication. About 2.5 ml cell concentrate was
sonicated with a ultra-sonic disintegrator (Sonicator cell
Disrupter Model W 200R, Heat System-Ultrasonic, Inc,
Plainview, N.Y.) fitted with a microtip (2 mm) probe. 2.5
ml cell suspension was transferred to a 5 ml test tube
which was kept on ice. The cell suspension was sonicated
at full power for 30 seconds twice with 1 minute cooling
period interval. The crude extract was immediately assayed
for phosphoglucose isomerase activity.
H. Protein assay
Protein was determined by the method of Bradford (1976)
with the Bio-Rad protein assay reagents. Several dilutions
of protein standard containing from 0.2 to about 1.4 mg/ml
was prepared for a standard curve.
To 0.1 ml of standards, appropriately diluted samples
and sample buffer in clean dry test tubes, 5.0 ml diluted
dye reagent was added to each test tube and mixed. After a
period of from 5 minutes to one hour, OD505 of each test
tube was measured with a 1 cm curvette versus reagent
blank. OD595 of the standards was plotted against their
concentration. Protein concentration of the unknown was
54
read from the standard curve.
I. Strains construction
1.1 Construction of Merodiplold strains
F' episome carrying the wild type pfl and aroA genes
was transferred from E. colt (KL725) to Salmonella
typhimurium with genotype aroA5330 pfl::Mu dl-8. Mating
was performed as described previously (Miller, 1972).
Overnight cultures of the donor and recipient strains were
diluted 20-fold into YT broth and grew for 2 hr at 370C.
The donor and recipient were mixed at a ratio of 1:10 and
incubated for 1 hr at 370 C. 0.1 ml of the this mixture was
spread on minimal plate and selected for prototrophs.
Recombinants were purified and checked for F' and gas
production. The F' episome was maintained by keeping the
merodiploid strain in minimal medium because the aroA
gene on the F'episome could complement the aroA5330 muta-
tion on the chromosome.
1.2 Construction of pfl::Hu dl-8 gyrA double mutant
0.1 ml overnight culture of ptl::MU al-u strain was
Qnrea1 nnto a NA+ nalidixic acid (20 pg/ml) plate. The
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plate was incubated at 37°C for 2 days. Nall mutants were
purified. One of the spontaneous Nalr mutants was used for
further study after testing for gas production. The Nal
mutant was transduced to Tetr with rA zeh::Tn10 and
scored for nalidixic acid sensitivity.
1.3 Construction of pfl::Mu dl-8 carrying a TnlO inser-
tion mutation in oxrA
pf l:: Hu dl--O was transduced to TetY with P22 lysate
grown on strain JT73 (oxrA::TnlO). The transductant was
tested for oxrA phenotype on MacNO3 plate anaerobically.
1.4 Construction of pfl::Mu dl-8 carrying an insertion
mutation in cya
pf1::Mu dl-8 was transduced to Tet` with P22 lysate
grown on strain PP1002 (cya::TnlO). The transductant was
tested for growth in minimal glucose, sorbitol, and mal-
tose for cya phenotype. cya mutant did not grow on minimal
sorbitol or maltose, but grew on glucose.
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1.5 Construction of pfl::Mu dl-8 carrying deletion in cya
gene
pfl::Mu d].-8 was transduced to Tetr with P22 lysate
grown on strain PP1002 (cya::Tn10). The transductant was
checked for growth in minimal glucose, sorbitol and mal-
tose for cya phenotype. Tn1O generated deletion of cya
was obtained by means of fusaric acid plate selection for
Tets derivative as described by Maloy and Nunn (1981). 0.1
ml overnight culture of pfl::Mu dl-8 cya::TnlO was spread
onto fusaric acid plate and incubated for 24 to 36 hours.
Colonies appeared were tested for tetracycline sensitivity
by patching onto NA and NA+ Tet.
1.6 Construction of pfl::Mu dl-8 aroA5330 ack
ze ::Tn10 F' pfl aroA+
The merodiploid constructed above was transduced to
Tetr with ack zde::Tn10. The transductants were checked
for prototrophy and gas production. The constructed strain
was Gas and prototrophic.
57
I.7 Construction of pf1: Mu dl-8 aroA5330 oxrA::Tn10/F'
nfl+ aroA+
pf 1:: Hu dl-8 was transduced to Te tT with oxrA:: Tn10.
The transductants were purified and tested for oxrA
phenotype and gas production. Then the F'pfl+aroA episome
was transferred from the merodiploid strain HSK1113 to
this strain by conjugation. 0.1 ml overnight cultures of
both donor and recipient were mixed and streaked with a
sterilized glass rod onto a VBG+ Tet plate. The con-
structed strain was Gas-, Tet, and prototrophic.
I.8 Construction of pfl::Mu dl-8 aroA5330 cya::TnJF'
t3f1+ aroA+
pfl::Mu dl-8 was transduced to Tetr with cya::TnlO
strain. The transductants were purified and checked for
cya phenotype and gas production. Then the F'pfl aroA
episome was transferred to this strain as described above.
The constructed strain was Gas-, Tetr, and prototrophic.
1.9 Construction of pfl::Mu dl-8 carrying a TnlO inser-
tion mutation in crp
P22 could not grow on strain PP1037. cry::TnlO of
3trains PP1037 was mobilized by F' episome of strain
NZ1559 via homologous recombination between the trp locus
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of the F' episome from strain AZ1559 and the trp locus on
the chromosome of PP1037. F' episome from strain AZ1559
was transferred to PP1037 by conjugations selecting for
prototrophs because strain PP1037 carried a mutation in
the trpB locus which can be rescued by the F' episome
carrying the intact trp locus. The strain with crp::TnlO
and the F' episome was purified on minimal plate with
tetracycline added. The resulted strain was conjugated
with strain AZ1516F selecting for both kanamycin and
tetracycline resistance. Conjugants were purified and
tested for cr ::TnlO phenotype. K2n was then transduced
by P22 lysate grown on the constructed strain with
crp::TnlO. Transductants were purified and checked for the
required phenotype.
I.10 Construction of pfl::Mu dl-8 strain carrying
crp::TnlO and deletion in cya gene
pf1::Mu dl-8 carrying a deletion in cya was
transduced to tetracycline resistant with P22 lysate grown
on the crp ::TnlO strain. The presence of cAMP in the
mpaitim could not cure the defect in the crp gene.
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I.11 Construction of qfd zxx::TnlO strain
A gfd was generated from gfd::Mu dl-8 strain by the
method described in the previous section. gfd strain was
transduced to tetracycline resistance on MGT1 plate
aerobically by P22 lysate grown on pools of random Tn10
Insertions. qfd zxx::TnlO was obtained by picking red
colonies on the transduction plates. After purification,
P22 lysate was grown on gfd zxx::TnlO strain. The lysate
prepared was used to transduce the qfd strain.
1.12 Construction of pfl::Mu dl-8 strain carrying d gfd
zxx::TnlO mutation.
pfl::Mu dl-8 strain was transduced to tetracycline
resistance on MGT1+ Tet plates by a P22 lysate grown on
agfd zxx::TnlO strain. White colonies appeared on the
transduction plates were pfl::Hu dl-8 strains carrying





A. Isolation of pfl::Mu d1-8 fusion strains
A general method was developed to isolate Mu dl-8 fu-
sion strains from TnlO insertion strains. However, no
pfl::Mu dl-8 fusion was isolated but chlC::Mu dl-8. 86
Tet S Ampr transductants from
the cross between pfl
zbj::TnlO strain and P22 lysate grown on Mu d1-8 insertion
pool were tested for linkage to zbj::TnlO by spot test and
only one transductant isolated was linked to the Tn10 in-
sertion site but was PFL+ phenotype. On the other hand, 70
TetS Amp V,
isolated on fusaric acid plates from the cross
between ch1C::TnlO and P22 Mu dl-8 random insertion pools
were tested for linkage to the TnlO insertion. 15 TetSAmpr
transductants were shown to be closely linked to the TnlO
Insertion in ch1C and 7 out of these 15 TetSAmp transduc-
tants were shown to be chlC::Mu dl-8 isolates (Data not
shown).
The pfl::Mu dl-8 fusions used for this study were
isolated from the indicator plate MGT1 method. The mutants
had dark red colonies on the indicator plate and the wild
type had pink-centered colony. Mu dl-8 insertions were
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stabilized by maintaining in strain AZ1516F without a
suppressor.
B. Characterization of pf1::Mu dl-8 fusion strains
B.1 General characteristics of pfl::Mu dl-8 fusion
strains
Four pfl::Mu d1-8 operon fusions were isolated.
Formate, gas, and H 2 S production were tested and the
results were shown in table 2. They could not produce H2
when grown in glucose-rich medium unless formate was
added. Moreover, they could not produce formate from
pyruvate and produced much less HS than their parent.
Phenotypically, they resembled the pflr point mutant.
The linkage of Mu dl-8 insertion sites in the operon
fusions to zbj::TnlO, which was about 70% cotransducible
with pfl, was shown in table 3. The Mu d1-8 insertion
sites in the operon fusions were all cotransducible with
zbj::Tn10. The phenotype, and the chromosomal map position
of the operon fusions indicated that Mu d1-8 inserted into
the pfl gene.
Using Jac-directed Hfr formation, as outlined by
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Table 2. Formate, gas and N S production of operonfusions.










Gas production was tested with Durham tubes with cul-
ture grown in rich glucose medium with or without
formate.
b
formate production was tested with chromotropic acid
test.
c
H2S production was detected by inoculating culture in
peptone iron agar.+++ Indicated much H2S production
and+ Indicated little H2S produciton.
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Table 3. Linkage of Mu dl-8 insertion site in strain K2n,
HSK14, HSK15 and HSK16 to zbj::Tn10 insertion in
strain SL5442.






a. Recipients were transduced to Tet 'r with P22 lysate
grown on strain SL5442 and transductants were scored
for the percentage of ApSTetr.
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Maloy and Roth (1983), the direction of transcription for
the pfl gene was determined to be counter-clockwise. The
co-transfer frequencies of the Hfr formed from the fusion
strains with the auxotrophic markers were listed in table
4. The number of conjugants with proA15 as recipient was
about 20 times greater than that with aroA5330 as
recipient. The data indicated pfl gene is transcribed in a
counter-clockwise direction. The relative position of the
auxotrophic markers used, the formation of Hfr, and the
direction of transcription was diagrammetically shown in
figure 3.
B.2 Characteristics of strain K2n
B.2.1 Anaerobic growth of strain K2n
Only strain K2n was used for further studies. The
anaerobic growth characteristics of strain K2n, AZ1516F,
and HSK3 (pfl) In different culture media were listed in
table 5. Cell densities (A650) was plotted against time of
growth in figure 4 and 5. Strain K2n grew normally as its
parent AZ1516F in NB but grew poorly in minimal glucose
medium. However, in the presence of exogenous electron ac-
ceptors such as NO- and TMAO, Its anaerobic growth in
3•
minimal glucose medium was found to be normal. For
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Table 4. Transcription orientation study of pfl gene
by F'114 episome chromosomal mobilization
no. of conjugants on VBG agar plate









a. Overnight cultures of donor grown at 30C were
diluted 1:100 and then growed at 42°C for 6 hours fox
the enrichment of Hfr strains. 100 ul portion of the
Hfr enriched cultures and overnight culture of
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Figure 3 Orientation of transcription of pf 1: :Mu d.1-8 determined












































Figure Semi-log plot of anaerobic growth of strain AZ1516F
(pfl+)i HSK3 (pf i) and K2n (e£1::Mu d1-8) in
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Figure 3 Semi-log plot of anaerobic growth of strain AZ1316F
(pfl+), HSK3 (pf1) and K2n (pf1::Mu d1-8) in
NCE-glucose-NO3 and NCE-glucose-TMAO media.
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Table 5. Anaerobic growth of strain AZ1516F-(p£l+), K2n
(pf1101::Hu dl-8), and HSK3 (eJL-) in different
media.
a
Media strain Generation time
(hours)
A 650 at:































































a. Concentration of supplements to minimal NCE medium
were: glucose, 1%; tryptophan, ImM; NO3, 1%; TMAO,
0.5%.
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comparison, strain HSK3 (pfl point mutant) was used. It
was demonstrated that strains K2n has identical growth
pattern as the pf]T mutant.
B.2.2 Linkage of Mu dl-8 insertion site in strain K2n to
aroA gene locus
The linkage of Mu dl-8 insertion site in strain K2n
to aroA gene locus was determined by different methods as
listed in table 6. When K2n was used as the donor for
cotransductional mapping, 0% linkage to aroA was scored.
This was not a good way to do the co-transductional map-
ping because P22 can only carry about 42 kb and Mu dl-8
genome is about 39 kb. Thus when the linkage is greater
than 3 kb, the cotransductional frequency would be zero.
When strain aroA+ was used as the donor and strain HSK1112
(aroA5330 pfllOl::Mu dl-8), Mu dl-8 insertion site in
strain K2n was about 67% cotransducible with the aroA
gene locus. This close linkage to the aroA gene locus was
exploited for the construction of merodiploid strain by
maintaining an F'pfl aroA in pfllOl::Mu dl-8 operon fu-
sion carrying an aroA5330 mutation in latter studies.
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Table 6. Linkage of Mu dl-8 insertiion in strain K2n to
aroA gene locus.
donor recipient linkage
k2n aroA5330 0% (0/100) a
apl
aroA5330 48% (31/64) b
aroA aroA5330 67% (236/356) c
pf1101::Mu dl-8
a. aroA5330 was transduced to Ampicillin resistant and
transductants were scored for percentage of aroA+
Ampr transductants.
b. Strain aroA5330 was transduced to prototroph on VBG
minimal plate, transductants were purified and score
forercentae of vas minus transductants.
C. aroA5330 pf1101::Mu d1-8 was transduced to aroA+ and
transductants were scored for percentage of Amps
transductants.
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I3.2.3 Analysis of acids produced by strain AZ1516F and
K2r1 by High-Performance Liquid Chromatography
(HPLC).
The organic acids present in culture extract from
strain K2n or AZ1516F grown anaerobically in minimal
glucose medium was analysed by HPLC (figure 6). The acids
were identified by comparing their retention time with
known standards. The detector response value for each acid
was determined from organic acid standards, and the molar
concentrations were obtained by multiplying the area
covered by each peak by the corresponding response factor
(table 7). Strain AZ1516F has a mix-acids fermentation
pattern. The culture extract from strain K2n did not con-
tain formate. Most of the glucose consumed by strain K2n
was found to be converted to lactate which constituted
about 92.8% of the total acids detected. Formate was
detected in the culture extract and lactate constituted
about 67% of total acids detected. Since the efficiency of
the extraction procedure for each acids was not studied,
the actual amount of organic acids produced may be higher
than the data given here.
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Figure 6. HPLC*chromatogram of organic acids production from
strain AZ1516Fr and K2n•after growing anaerobically













































Table 7. HPLC analysis of acids production from strain K2n and
AZ1516F after growing anaerobically in NCE-glucose medium for 36
hours.
stra1na
moles of acids produced per (Mol%)b
100 moles of glucose consumed
pyruvate succinate lactate fumarate formate acetate
AZ1516F 4(8.7) 3(6.6) 31(67) 0.1(0.2) 6(13.1) 2(4.4)
K2n 0.4(0.8) 2(4.2) 44(92.8) 0.02(0.04) 0(0) 1(2.1)
a. Total acid produced from the two strains were:
K2n, 47.42 moles/100 moles of glucose consumed
AZ151GF, 46.1 moles/100 moles of glucose consumed.
b. numbers in the bracket are mole% of total acids detected.
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C. -galactisidase activity of pfl::Mu dl-8 under dif-
ferent growth conditions
C.1 Anaerobic induction ratio of pfl::Mu dl-8 fusion
strains
The -galactosidase activity of the pfl::Mu dl-8 fu-
sion strains under aerobic and anaerobic growth in NB were
assayed at a single point at their stationary growth phase
(Table 8). For single point assays, experiments were
repeated twice or more and consistent results were ob-
tained but only one set of the results were given in this
thesis. The result in table 8 showed that pyruvate formate
lyase (PFL) was expressed both aerobically and
anaerobically. The -galactosidase activity was higher un-
der anaerobic condition with an anaerobic induction ratio
(the anaerobic specific activity divided by the aerobic
specific activity) of about 5.
C.2 Effect of addition of exogenous pyruvate, formate,
and acetate in NB to the -galactosidase activity of
strain K2n
To determine 'whether there was substrate or product
effect on the transcriptional expression of pfl gene,
77
Table 8. Effect of anaerobiosis on -galactosidase
specific activity of pfl::Mu dl-8 fusion strains.
Strains
-galactosidase specific activity fold increase
daerobic anaerobicb
K2n 311 1643 5.3
ITSK14 287 1432 5.0
HSK15 296 1323 4.5
HSK16 142 663 4.7
a, b. -calactosidase specific activity was expressed as
nanomoles of o-nitrophenol produced per minute per
A650 per ml.
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pyruvate, formate, and acetate were added separately to
the culture medium (Nutrient broth) and the
-galactosidase activity of strain K2n after growing
anaerobically in the media for about 7 hours were assayed.
The addition of pyruvate, formate, and acetate to the cul-
ture medium (nutrient broth) did not have any effect on
the anaerobic expression of pf 1 gene (Table 9). The
-galactosidase specific activity of strain K2n in these
media were found to be more or less the same.
C.3 Changes of -galactosidase activity of strain K2n in
an aerobic-anaerobic shift
The kinetic of --galactosidase activity of strain K2n
during the aerobic-anaerobic shift was plotted in figure
7. During aerobic growth, the -galactosidase specific ac-
tivity increased slowly with A650 until stationary phase
with a generation time of about 30 min. The differential
rate of -galactosidase activity calculated was about
320 nmoles 0-nitrophenol produced/ml.min.A650 (figure 8).
When the culture was shifted to anaerobic condition, the
cell grew slowly with a generation time of about 6.5
hours, but the differential rate of -galactosidase ac-
tivity greatly increased to about 3130 nrnoles 0-
nitrophenol produced/ml.min.A650 (figure 8).From the dif-
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Table 9. -galactosidase specific activity of pfll0l::Mudl-8
fusion grown in nutrient broth (NB) supplemented with
pyruvate, formate or acetate.
Strain
-galactosidase sp. act. in NBa
anaerobic baerobic anaerobic anaerobic anaerobic
+ formate + acetate+ pyruvate
K2n 311 1643 1635 1777 1692
a. -galactosidase specific actitivity was expressed as
nanomoles of o-nitrophenol produced per minute per A650 per
ml.
b. Concentration of supplements to NB were: formate, 0.05%



















Figure7. Kinetic; of -galactosidase activity of strain
K2n (pf 1:: Mu dl-8) under aerobic-anaerobic shift.
Half the aerobic growing culture was shifted to
anaerobic condition as indicated by the arrow. Open
circle and square represent A650 and -galactosidase
activity of aerobic grown culture respectively. Dark
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Figure 8. Differential plot of -galactosidase activity of




ferential rate of galactosidase activity calculated, the
anaerobic induction ratio was 9.8.
C.4 Kinetic of galactosidase activity of strain K2n
grown in different culture media and conditions
For the kinetic study of the galactosidase ac-
tivity of strain K2n grown in different culture media and
conditions, duplicated results were presented. The
kinetics of the galactosidase specific activity of
strain K2n grown in different media were shown in figure
9, 11, 13, 15, 17 and 19. galactosidase activity was
also plotted against A650 for the calculation of differen¬
tial rate of qalactosidase synthesis (figure 10, 12, 14,
.16, 18 and 20). The differential rate of galactos idase
synthesis was obtained from the slope of a straight line
drawn through the points at which the cell was at the
logarithmic growth phase. The calculated differential rate
of galactosidase synthesis for each conditions was
listed in table 10. Since duplicated sets of results were
given, an average value for the differential rate of syn¬
thesis was also obtained.
The result showed that the anaerobic expression of






















Figure 9. Kinetic of
galactosidase activity of strain K2n
(pf1::Mu d1-8) under aerobic growth in NB. Open
circle and square represent A650 and galactosidase activity
respectively. Two independent duplicated results were
























Figur.e 10. Differential plot offl-galactosidase activity of
strain K2n (pfl::Mu d1-8) under aerobic growth in
NB. A* straight line was drawn through the points
at the log phase of growth curve by linear
regression calculation. Two independent duplicated
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Figure 11. Kinetic of galactosidase activity of strain K2n
(pf1::Mu d1-8) under anaerobic growth in NB. Open
circle and square represent A650 and -galactosidase
activity respectively. Two independent duplicated































Figure 12. Differential plot of -galactosidase activity of
strain K2n (pfl:: Mu .d1-8) under anaerobic growth
in NB. A straight line was drawn through the points
at the log phase of the growth curve by linear
regression calculation. Two independent duplicated
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Figure 13. Kinetic of y6-galactosidase activity of strain K2n
(pf1::Mu d1-8) under anaerobic growth in NCE -h 1%
glucose+ 1mM Tryptophan medium. Open circle and
square represent and-galactosidase activity
respectively. Two independent duplicated results
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Figure 14. Differential plot-of -galactosidase activity of strain
K2n (pfl:: Mu d1-8) under anaerobic growth in NCE+ 1%
glucose+' 1 mM tryptophan. A straight line was drawn
through the points at the log phase of the growth curve
by linear regression calculation. Two independent duplicated
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Figure 15. Kinetic of-galactosidase activity of strain K2n
(pf1::Mu dl-8) under anaerobic growth in NCE+ 1%
glucose+ 1mM tryptophan +0.1% Casamino acids medium.
Open circle and square represent A650 and galactosidase
activity respectively. Two independent duplicated results































































Figure 16. Differential plot of galactosidase activity of
strain K2n (pf1::Mu d1-8) under anaerobic growth
in NCE -f 1% glucose+ 1mM tryptophan + 0.1%
casamino acids medium. A straight line was drawn
through the points at the log phase of the growth
curve by linear regression calculation. Two inde








































































































































Figure 17. Kinetic of-galactosidase activity of strain K2n
(pf1;:Mu d.1-8) under anaerobic growth in NCE-4- 1%
glqcose+ 1mM tryptophan+1% casamino acids
medium. Open circle and square represent A650 and
galactosidase activity. respec tively. Two inde¬

























































Figure 18. Differential plot of galactosidase activity of
strain K2n (pfl:: Mu d.1-8) under anaerobic growth
in NCE,+ 1% glucose+ 1mM tryptophan+ 1%
casamino acids medium. A straight line was drawn
through the points at the log phase of the
growth curve by linear, regression calculation.
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Figure 19. Kinetic of -galactosidase activity of. strain
K2n (pf 1:: Mu d.1-8) under anaerobic growth in NCE
+ 0.5% glycerol+ 1mM tryptophan+ 1% KNO. Open
circle and square represent A650 and galactosidase
activity respectively. Two independent duplicated






























































Figure 20. Differential plot of -galactosidase activity of
strain K2n (pfl::Mu d1-8).under anaerobic growth
in NCE+ 0.5% glycerol 4- 1mM tryptophan+: 1% KNO3.
A straight line was drawn through the points at
the log phase of the growth curve by linear re¬
gression calculation. Two independent results
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Table 10. Differential rate of f$-qa lact os idase synthesis of
pf 1101: :Mu dl-3 fusion calculated from the differen-
al plot of the fusion grown in different media







NB aerobic 0.G 0.8






































a. Differential rate of-galactosidase synthesis was
expressed as nanomoles of o —nltrophenol produced per
minute per A650 per ml.
b. (1) and (2) were two independent sets of values cal¬
culated from the differential plot. The calculation
has used linear regression method to obtain the best
straight line drawn through the points at the log
phase of the differential plots. For anaerobic growth
in NB, NCE 1 glucose+ Trp and NCE+ glycerol+ NO3
media the growth curves have two exponential phase
and the 2nd exponential phase was used for calcula¬
tion of 3-galactosidase activity and generation time.
c. Values given in the btac.ket were average values from
(1) and (2).
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when grown in Glycerol-NC3 medium. The anaerobic expres¬
sion of pf1 gene when grown in minimal glucose medium was
lower than that in NB by about 3-fold, but the expression
increased with the addition of casamino acids (0.1% or 1%)
to minimal cilucose medium.
D. Effect of different mutations on the 3-ga lactos idase
activity of pf 1;: Mu-8 operon fusions
D.l Effect of oxrA::TnlO,cya::TnlO and crp::TnlO muta¬
tions on the anaerobic expression of pf.
Strains K2n, HSK14, HSK15 and HSK16 were transduced
to tetracycline resistance with P22 lysates grown on
strains JT73 and PP1002. After purification and phenotypic
characterization, the constructed strains were assayed for
their anaerobic galactosidase activity and compared with
their parental strains. The results were given in table
11. oxrA::TnlO and cya::TnlO mutations decreased the
anaerobic expression of pf1 gene by about 2-fold. However,
aerobic expression was not affected by the mutations and
the anaerobic induction was not completely abolished. The
effect of cr p:? TnlO. mutation on the galactosidase ac¬
tivity of pf1t;Hu dl-8 was only tested on strain K2n.
Similarly, the galactosidase activity was decreased by
109
Table 11. Effect of oxrA:; TnlO, cya:: TnlO, and crp:: TnlO
insertion mutations on 3-galactosidase specific ac¬










pf 1102: :Mu dl-8










cya: :TnlO_ pf 1101:: Mu dl-8
cya: :Tnl0 pf 1102: :Mu dl-8
cya: :TnJ0 pf 1103: :Mu dl-8










oxr A: :TnlJ pf 1102: :Mu dl-8
oxr A: :Tnl0 pf 110 3: :Mu dl-8





HSK1120 crp::TnlO pf1101::Mu dl-8 710
a. galactosidase specific activity was expressed as
nanomoles of o-nitrophenol produced per minute per
A650 per m1.
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about 2-fold by the cry::Tn10 mutation (Table 14). When
strains K2n and HSK1105 (oxrA::Tn10 pfl::Mu dl-8) were
grown in minimal glucose medium, both aerbic and anaerobic
activity were decreased (Table 12). Anaerobic induction
ratio for the strain K2n was still about 5. The oxrA muta-
tion also decreased the anaerobic expression of the fl
gene by about 2-fold when the strain was grown in minimal
glucose medium.
D.2 (3-galactosidase activity of strain cya::Tn10
pfllOl::Mu dl-8 was increased by the addition of ex-
ogenous cAMP to the culture medium.
The effect of addition of 5mM cAMP to the culture
medium on the f3-galactosidase activity of strain K2n and
HSK1101 was shown in table 13. The result indicated that
the addition of cAMP In the medium could cure the defect
caused by cya::TnlO mutation on the /3-galactosidase ac-
tivity of pfllOl::Mu d1-8 fusion.
E. Effect of combined mutations
E.1 Effect of combining cya and crp mutations on the
/3-galactosidase activity of pf1101::Mu dl-8 fusion.
f3-ga1ictos1dse activity of pfllOl::Mu dl-8 fusion
111
Table 12.galactosidase specific activity of strain k2n
and HSK1105 grown in NB and minimal glucose media.






V o pf1101::Mu dl-8 243 1413 158 76
iicvi i nc; oxrA;:TnlO
pf1101::Mu dl-8
313 577 117 357
a.galactosidase specific activity was expressed as as
nanomoles of o-nitrophenol produced per minute per
A5o per ml. 4 02 means aerobic condition;- 02 means
anaerobic conition
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Table 13. Effect of cya:;TnlO insertion mutation and cAMP
added to culture medium on the galactosidase
specific activity of pf1101::Hu dl-8 fusion after
anaerobic growth in NB.
strain Relevent genotype galactosidase sp. Act.
NB NB+ 5mM cAMP




a. galactosidase specific activity was expressed as
nanomoles of o-nitrophenol produced per minute per
A650 per ml.
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Table 14. The combined effect of crp and cya mutations on
-galactosidase specific activity of pfll0l::Mu dl-8
fusion (grown in NB.











a. -galactosidase specific activity was expresses as
nanomoles of o-nitrophenol produced per minute per
A650 per ml.
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carrying both cya and crp mutations was found to be
sinilar to that carrying either 'cya or crp mutation (Table
14). The -galactosidase activity of strains carrying cya
or crp mutation were lower than their parental strain K2n
by about 2-fold.
E.2 Effect of combining oxrA and cya mutations on the
-galactosidase activity of pfll0l::Mu dl-8 fusion.
The --galactosidase activity of pf1101::Mu d1-8 fu-
sion carrying both oxrA and cya mutations was lower than
those carrying either oxrA or cya mutation alone(Table
15). However, there was still about 1.5-fold anaerobic in-
duction in the strains carrying both mutations.
F. Effect of other mutations (oxrE, gyrA and qfd) on the
-galactosidase activity of pfll0l::Mu dl-8 fusion.
The gvrA mutation was isolated as a spontaneous-
nalidixic resistant mutation of strain K2n (pfllOl::Mu dl-
8 fusion). To confirm that the mutation was in gyrA, its
linkage to glpTl1l6 mutation was determined. Strain
EB55(qlpT) was transduced to glpT with P22 lysate grown
on HSK1109 (gyrA pfll0l::Mu dl-8) on minimal -D,L-
glycerolphosphate medium and the transductants were scored
115
Table 15. The combined effect of oxrA and cya mutations
on the 3-galactosidase specific activity of


















HSK1123 Acya oxr A;; TnlQ
nf11m::Mu dl-8
191 282
a. galactos idase specific activity was expressed as
nanomoles of o-nitrophenol produced per minute per
A650 Per ml.
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for nalidixic acid resistance. 30 glpT transductants were
tested and only 1 transductant was nalidixic resistant.
The gyrA mutation was cotransducible with zeh::TnlO (95%
cotransducible with gyrA). It was subsequently shown that
gyrA mutation did not have any effect on the
-galactosidase activity of fl101::Mu d1-8 fusion (table
16).
The gfd mutant was defective in glucose fermentation.
It did not grow in minimal glucose medium. It was white on
MacConkey-glucose agar plate and MGT(1), but red on
MacConkey-fructose agar plate. The mutant had a 11-fold
lower phosphoglucose isomerase activity than the wild
type. Effect of qfd mutation on the -galactosidase ac-
tivity of pfll0l::Mu dl-8 fusion was studied and the
result was given in table 16. The result showed that the
mutation did not affect the anaerobic -galactosidase
activity of the fusion.
pfll01::Mu dl-8 fusion was transduced to tetracycline
resistance with P22 lysate grown on strain JT68 (oxrE
zda::Tn10). The resulted isogenic pair, strain HSK1132 and
HSK1133, after growing in NB to stationary phase were as-
sayed for -galactosidase activity. oxrE mutation did not
affect the anaerobic -galactosidase activity of the fu-
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Table 1G. -ga lactos idase specific activity of
pf11O1::Mu dl-8 fusion carrying gyrA, gfd, or oxrE
mutation after anaerobic growth in NB.
aStrains PGIRevelent genotype
-galactosidaseb
St. Act. Sp. Act.
K2n Pf1101::Mu dl-8 1693
CHSK1109 gyrA pfllOl::Mu dl-8 1638
HSK1110 gfd+ zxx:: Tn10 0.156 1664
pfll0l::Mudl-8
IISK1111 6gf_d zxx:: TnlO 0.014 1586
pfll0l::1Mudl-8
HSK1131 oxrE zda::Tn10 1573
f11O1::Mudl-8
HSK1132 oxrEr zda::TnlO 1244
Uf110l::Mudl-8
a. PGI specific activity (phosphoglucose isomerase
activity) was expressed as umole of fructose produced
per min per mg protein.
b. -galactosidase specific activity was expressed as
nanomoles of o-nitrophenol produced per minute per
A650 per ml.
c.-, data not determined.
d. The map location of the chromosomal TnlO insertion
was not determined and designated as zxx::TnlO.
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pion (Table 16).
G. Effect of F' episome carrying the wild type pfl gene
on the -galactosidase activity of pf1101::Mu dl-8
operon fusion
The effect of F'episome carrying the intact pfl gene
on the -galactosidase activity of pfl101::Mu dl-8 operon
fusion was tested for the cultures grown in nutrient broth
and minimal glucose media. The results were shown in table
17. The anaerobic f3-galactosidase activity of the fusion
strain with F' episome (HSK1113), growing either in mini-
mal glucose medium or NB was lower than that without the
F' episome (HHSK1112). In NB, the anaerobic induction ratio
was decreased by about 2-fold but in minimal glucose, the
anaerobic induction did not change. Both the aerobic
-galactosidase activity and the anaerobic /3-galactosidase
activity of strain HSK1113 growing in minimal glucose
medium were decreased to the same extent. On the other
hand, the aerobic -galactosidase activity of strain
HSK1113 growing in NB was not affected by the presence of
F' episorne.
Strain HSK1113 was transduced to tetracycline resis-
tance with P22 lysate grown on strain JT73 (oxrA::TnlO).
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Table 17. galactosidase specific activity of
merodiploid strain carrying pf1101: :Mu dl-8 fusion
and F'episome with pf1 gene.
Strain Relevent genotype






HSR1112 pf1101::Hu dl-8 238 1465
HSK1113 F'pf1 202 606 66 462
pf1101: :Mu dl-8
HSK1114 oxrA::TnlO 229 536
nf 1101: :Mu dl-R
HSKI115 F' p f 1 oxrA: :TnlO 190 292 76 170
pf1101::Hu dl-8
HSK1129 F'pll cyat: :Tnl0.- 345
of 1101: :Mu dl-8
HSK1130 F'pfJL- 647
ack
ivnrn. .Un a i- a
HSK1131 F'p f1- 1287
ack
pf 1101::Mu dl-8
a. Strain has the aroA5330 mutation to maintain the
F' episome.
b. galactosidase specific activity was expressed as as
nanomoles of o-nitrophenol produced per minute per
A650 per ml.+ 02. means aerobic condition;- 02 means
anaprnhlr conition.
c.-, data not determined.
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The transductant HSK1114 carrying both F' episome and
oxrA::TnlO had a lower anaerobic B-galactosidase activity.
On the other hand, in the presence of the ack mutation,
the anaerobic -galactosidase activity of F' episome com-
taining strain was similar to that without the F' episome
(strain HSK1112).
H. Isolation and characterization of pflR::Tn10 mutation
H.1 Isolation of pflR::Tn10 mutation
To Isolate TnlO insertion mutation affecting the ex-
pression of pfl::Mu d1-8, strain K2n was transduced to
tetracycline resistance on MacConkey lactose+ Tet plates
by P22 lysates grown on Tn10 insertion pool strains.
However no pink or white transductants were isolated. Then
strain HSK117, which carried pfl::Mu dl-8 and a deletion
in oxrA, was transduced to tetracycline resistance on Mac-
Conkey lactose+ Tet plates by the same P22 lysates. One
of the transductants appeared to be pink on MacConkey lac-
tose+ Tet plate. The.pink color phenotype on MacConkey
lactose,+ Tet plate was 100% linked to the TnlO insertion.
the Tn10 Insertion mutation was designated as pflR::TnlO.
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112 Characteristics of pf1R::Tn10 mutation
The characterization of pf1R::Tn10 included growth
studies, tests of H 2 S and gas production, and HPLC
analysis of organic acid products, and genetic mapping of
the Tr110 insertion site.
H.2.1 Anaerobic growth of strain HSK1124 (pf1R::Tnl0
oxrA)
The growth curves of strain HSK1124 in different
media were presented in figure 21. The generation time,
A6to at 10 hours, and A65-O at 25 hours of strain JISK1124
(pflR::Tn10) during growth in different media were listed
in table 18 and the phenotypic characteristics was listed
in table 19. The results indicated that strain HSK1124 was
defective in anaerobic metabolism. It grew poorly in mini-
mal glucose medium even in the presence of 1% KNOT. On the
other hand, it grew normally in NB and in minimal glucose-
TMAO medium. Moreover, it was shown that it grew poorly in
MacConkey-Nitrate plate anaerobically as tiny red
colonies. It accumulated H2 in rich-glucose medium but
produced less H2S in peptone iron agar.
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Figure 21. Semi-log plot of anaerobic growth of strain AZ1516F




B: in NCE+ 1% glucose+ 1mM tryptophan
C: in NCE+ 1% glucose+ 1mM tryptophan+ 1% KNO3
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Table 18. Anaerobic growth of strain HSK1124 (pf1R::TnlQ
oxrA)and AZ1516F- in different media,
Media strain Generation time
(hours)
A 650 at:

































a. Concentration of supplements to minimal NCE mediuM
were: glucose, 1%; Trp (L-tryptophan), ImM; N03, 1%
TMAO,O.5%
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Table 19. Phenotypic characteristics of strain HSK1124
Phenotype tested observed result
(1) gas production gas plus
(2) H2S production much less than strain
AZ1516F
(3)color on MacConkey-N03 tiny red colonies




pink colonies while(4)color on MGT(0.15) plate
(anaerobic) strain AZ1516F had
white colonies
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11.2.2 HPLC analysis of acid production from strain
HSK1124
HPLC analysis showed that there was no lactate in the
culture extract of strain HSK1124 after growing anaerobi-
cally in minimal glucose medium for 36 hours but there
were pyruvate, formate, acetate, fumarate and succinate
(Table 20). The HPLC chromatogram was shown in figure 22.
Most of the glucose consumed was converted to formate and
ricetat:e.
H.2.3 Genetic mapping of pf1R::Tn10
Initial genetic mapping of TnlO insertion in strain
HSK1124 was done by conjugation mapping. Two kinds of con-
jugation mapping were performed. The first method was via
strain HfrK4. Strain HfrK4 was transduced to Tetr, and the
transductant was then conjugated with a series of
auxotrophic markers. The other method was via F' episome
chromosome mobilization as described in Chapter 3 section
D.11. The result of conjugation mapping was given in table
21 and plotted in figure 23. Conjugation with strain HfrK4
did not give clear chromosomal location of the Tn10 Inser-
















Figure 22. HPLC chromatogram of organic acids production
from strain HSK112+ after growing anaerobically
in NCE+ 1% glucose+ 1mM tryptophan medium for
36 hours. U, unidentified peaks; Pyr, pyruvate;
Sue succinate; Fum, fumarate; For, formate;
Ace, acetate.
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Table 20. HPLC analysis of acids production from strain
HSK1124 and AZ1516F after growing anaerobica1ly in
NCE-Glucose medium for 36 hours.
straina
moles of acids produced per (Mo1%)
100 moles of qlucose consumed
pyruvate succinate lactate fumarate formate acetate
AZ1516F 4(8.7) 3(6.6) 31(67) 0.10(0.2) 6(13.1) 2(4.4)
HSK1124 8(17) 2(4.2) 0(0) 0.08(0.2) 24(51) 13(27.6
a. Total acid produced from the two strains were:
AZ1516F, 46.1 moles/100 moles of glucose consumed.
HSK1124, 47.08 moles/100 moles of glucose consumed.
b. numbers in the bracket are mole% of total acids detected
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Table 21; Conjugation mapping of TnlO. insertion site in
strain HSK1124 (pflR: :Tnl_0 oxrA).
Donor
HSK1134 HSK1135,
recipient (percentage of cotransfer) (no. of conintisnts
leu!083( 3 )C
proA15( 7)


















































a. percentage of cotransfer was scored from the result
of conjugation via strain HSK1134 (HfrK4 pf1Ri'TnlO
AoxrA) to transfer the marker and TnlO. insertion.
b. no of conjugation was scored from F'114 episome con¬
taining strain HSKH3 5 to transfer the marker.
c. number in the bracket is the map unit of the marker.
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Figure 23. Conjugation mapping of TnlO insertion in pflR::.TnlO.
A., conjugation mapping with strain HSK113 (HfrKA- pflRj :TnlO)
as donor.% of co-transfer is the% of tetracycline
resistant colonies among the conjugants. resulted from
conjugation between donor and auxotrophic markers.
B. conjugation mapping with strain HSK1135 (pf1R::Tn10F' ts114
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lization showed that the insertion site was located be¬
tween 22U to 34U. Since oxrA gene is also located at this
region, the TnlO insertion in strain HSK1124 (pflR::TnlO)
was tested for its linkage to oxrA gene locus. The linkage
to oxr A gene locus was determined using a strain with Mu
dl-8 insertion closely linked to TnlJt insertion in strain
JT73 (oxrA::TnlO). The cotransductiona1 mapping result
was shown in table 22, showing that pflR was linked to
oxrA gene locus.
H.2.4 Effect of pf1R::TnlO mutation on the
[3-galactosidase activity of pf1::Mu dl-8 fusion
Strain K2n (pf1::Mu dl-8) and HSK1116( oxrA pf1:: Mu
dl-8) were transduced to Tetr by P22 lysate grown on
pf1R!:TnlO. The (3-galactosidase activity of the transduc-
tants were assayed and given in table 23. The results in
table 23 showed that the anaerobic induction of pf 1 was
completely abolished.
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Table 22. Transductional mapping of TnlO insertion site
in strain HSK1124
Donor recipient






w A m m R A A iTI fl%
86% (1821)
a. recipient was transduced to tetracycline resistant
and transductants were scored for the percentage of
tetracycline resistant and ampicillin sensistive
transductants.
135
Table 23. Effect of pf1R::TnlO mutation on the
galactosidase specific activity of pf1101::Mu dl-8
fusion.
. a
relevent qeneotype lactosidase Sp. Act.
aerobic anaerobic
of 1101::Hu dl~E 243 1413
uoi1 1 1 n








nf 1 1 01 r •Mn 3 1- f
346 24;
a. K2n is the parent of HSK1117, and HSK1116 is th
parent of HSK1118
b. galactosidase specific activity was expressed as





A.' A general method for isolation of Mu dl-8(Apr lac)
operon fusions in Salmonella typhimurium LT2 from
Tn10 insertion strains.
A general method was developed for the isolation of
Salmonella typhimurium LT2 Mu dl-8(Ap lac) operon fusions
in a gene displacing a Tn10 insertion. We were successful
in isolating ch1C::Mu dl-8 from ch1C::TnlO which encodes
the enzyme nitrate reductase. However, my initial attempt
to isolate pfl::Mu dl-8 fusions from TnlO insertion
strains in which the TnlO insertion was closely linked to
pfl gene (about 70% cotransducible with the TnlO) was
unsuccessful. During the isolation, I only isolated one
Mu dl-8 fusion strain in which the insertion site was
linked to pfl gene. The reason may be that phage P22
carries a DNA molecule that is only slightly larger than
the size of Mu dl-8 DNA thus phage P22 cannot transduce a
Tn1O strain to tetracycline sensitive and at the same time
carry a Mu dl-8 fusion in a gene that is not very closely
linked to the Tn1O insertion.
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B. The lac operon fusions isolated were pfl::Mu dl-8
fusion
We isolated pfl ::Mu dl-8 operon fusions using the
MGT1 indicator plate. A pfl point mutant was used as a
reference for spotting red colonies on the MGT(l) plate
after transposition mutagenesis by Mu dl-8. All 4 puta-
tive pf1::Mu dl-8 operon fusions isolated were tested both
physiologically and genetically to confirm that they were
really pfl::Mu dl-8 operon fusions. One of them, strain
K2n, was used for the study of genetic regulation.
Genetically, the insertion site of Mu dl-8 was
closely linked to zbj::TnlO which was about 70%
cotransducible with pfl. Moreover, the insertion site was
also linked to aroA. Hoiseth and Stocker (1985) showed
that the pfl gene locus was closely linked to the aroA
gene locus. The 4 operon fusions were under anaerobiosis
control with an induction ratio of about 5 (Table 9), con-
sistent with the study by Pecher et al (1982). The studies
of transcriptional orientation of the 4 operon fusion
strains showed that all- of them are transcribed in a
counter-clockwise orientation. This indicated that the in-
sertion of Mu dl-8 in the 4 operon fusions were probably
in the same gene/operon.
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The operon fusions did not produce gas when grown in
rich glucose or pyruvate medium, but produced gas when
formate was added into the test medium. The fusion strains
produced considerably less HS than the parental strain
and similar to the pf 1 point mutant. When they were
tested for the production of formate by chromotropic acid
method, they gave negative result. Moreover, one of the
fusions, K2n, was subjected to HPLC analysis of organic
acids after it had been grown anaerobica1ly in minimal
glucose medium for 36 hours. The result showed clearly
that there was no formate produced.
To summarize, the operon fusions isolated wer
pf 1: :Mu dl-8 fusions as deduced from their physiological
characteristics which were identical to those of the pf1
point mutant and their inability to produce formate,
Genetically, the insertion site of Mu dl-8 site were a1
the pf1 gene locus.
C. Transcription of pf1 gene was controlled by
anaerobiosis.
Table 9 shows that the 3-ga lactos idase activity of
the pf1: :Mu dl-8 fusions increased about 5-fold when the
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fusions were grown under anaerobic condition as compared
to aerobic condition. Since the lacZ gene (encodes
galactos idase) was trancribed through the pfl promoter.
it was concluded that the transcription of pfl_ gene was
controlled by anaerobiosis.
From the study of (3-ga lactos idase activity of the
pfl:: Mu 61-8 at the aerobic condition, it was found that
Pfl gene was also transcribed under aerobic condition.
However, the PFL enzyme produced under aerobic condition
was in the inactivated form which required a complex ac¬
tivation system and anaerobic condition to become active
(Conradt et al 1984). The production of inactive PFL en¬
zyme aerobically would be an adaptation of SaImone1la
t yph imur i uin in response to oxygen limitation by the rapid
post-translational modification of the inactive form PFL
enzyme to the active form under anaerobic condition so as
to maintain growth.
When pyruvate, formate or acetate was added to the
nutrient broth culture medium, the galactosidase ac¬
tivities remained the same. It seemed that there was no
product repression or substrate induction for pfl gene
expression.
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Kinetic studies of -galactosidase activity of the
fusion grown under different culture media showed that
anaerobic -galactosidase specific activity of the fusion
was higher when strain K2n was grown in rich medium (NB)
than in minimal glucose medium. However, the induction
ratio for both rich medium and minimal glucose medium were
the same, about: 5. The consitituents in rich medium seem
to affect the overall expression but not the anaerobic in-
duction of the fusion. On the other hand, when casamino
acids was added to minimal glucose at a concentration of
0.1% or 1%. the
-galactosidase specific activity in
creased accordingly with higher specific activity at
higher concentration of casamino acids. Amino acids seemed
to affect anaerobic gene expression. Jamieson and Higgins
(1984) have demonstrated that tppB, which is required for
tripeptide permease function, was specifically induced by
exogenous leucine or by anaerobiosis. Moreover, Unden and
Guest (1984) showed that the addition of casamino acids in
glycerol-fumarate medium would increase fumarate reductase
activity. In addition to the increase in -galactosidase
specific activity, the growth rate of pfll0l::Mu dl-8 also
increased when casamino acids was added. Thus, the in-
crease in specific activity may be a secondary effect of
the increase in growth rate. Pedersen et al (1978)
demonstrated that the patterns of protein synthesis were
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related to growth rate. How amino acids affect gene ex-
pression deserves further investigation. It is possible
that: the oxidation of amino acids such as alanine and
glutamate by NAD -Linked dehydrogenase will generate NADH
and NH4. N144 or catabolic reduction charge, defined as
NADH/(NADH+ NAD), may then act as a regulatory signal of
anaerobic metabolism.
D. Anaerobic induction of pfl gene was only partially
affected by cya, crp or oxrA mutations.
pfl had an anaerobic induction ratio of 5. In the
presence of cya::Tn10, crp::Tn10, or oxrA::Tn10 insertion
mutation, the anaerobic induction ratio was reduced to
2.5, but was not abolished.
The effect of cya::Tn10 mutation was overcome by the
addition of 5mM cAMP in the culture medium, indicating
that the effect of cya mutation on anaerobic induction was
via cAMP level. Moreover, the effect of crp and cya muta-
tion was inter-dependent since in the presence of both
mutations in the fusion strain, the anaerobic induction
ratio was still 2.5, the same as in the presence of either
cya or crp mutation. I speculate that the action of cya
and crp was in the form of cAMP-CRP complex which binds to
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the promoter of pfl to affect the transcription of pfl.
The oxrA gene, which encodes for a positivE
regulatory protein (Strauch et al, 1985), was required foi
the anaerobic Induction of anaerobic enzymes such aE
nitrate reductase or fumarate reductase (Jamieson et al,
1986a). However, In the presence of oxrA::TnlO, anaerobic
induction ratio of pfl was only decreased from 5 to 2.5.
When both oxrA and cya mutation were present, the
anaerobic induction ratio was further decreased to 1.5.
Thus, oxrA and cya seemed to act independently. Pascal et
al (1986) used gene fusions to study the expression of fnr
in Escher ichia coil. They showed that fnr expressed both
aerobically and anaerobically to the same level. Moreover,
they showed that fnr was partly regulated by its own
product and partly by the cAMP-CRP complex. Since oxrA in
Salmonella typhimurium is equivalent to fnr in Escherichia
coli, I suggest that the cAMP-CRP complex regulates both
oxrA and, pfl expression. Whether oxrA gene product or
cAMP-CRP complex act directly on the pfl gene is not
clear. Because the Fnr protein (the E. coli equivalent of
the oxrA gene product) was produced in normal amount in
aerobiosis (Pascal et al,1986), lack of expression of
anaerobic genes in the presence of oxygen is not due to
the absence of the Fnr(OxrA) protein. The OxrA protein may
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be present in an oxidized, inactive state under aerobiosis
and undergoes punt-translationa1 modification to an
reduced active state following the shift to anaerobiosis
to induce anaerobic genes. Moreover, the oxidized, inac-
tive state OxrA protein would not be a repressor in the
presence of oxygen because, aerobically, both pfl::Mu dl-8
fusion and pfl::Mu dl-8 fusion with oxrA::TnlO had the
same 0-ga lactos idase activity.
E. Other mutations( yrA, qfd and oxrE) did not affect
the (3-galactosidase activity of pfl::Mu dl-8
gyrA, qfd and oxrE mutations did not affect the ac-
tivity of pfl. a rA, which is an essential gene required
for the anaerobic growth of Salmonella typhimuriurn
(Yarnamoto and Droffner, 1985), encodes the DNA gyrase sub-
unit A. However, gyrA mutation did not affect the
anaerobic induction of pfl in NB and the anaerobic growth
of gyrA in NB was normal. Thus, topology of chromosome DNA
is not related to the gene expression of pfl under
anaerobic growth in NB.
The primary defect of the qfd mutation was the lack
of phosphoglucose isomerase (PGI) activity. The gfd mutant
can not ferment glucose but can ferment fructose, as
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revealed on MacConkey-gluccase and MacConkey-fructose agar
plate. Since. qfd mutation did not affect the expression of
pfl, it seems that glycolytic intermediates are not in-
ducers of pfl. On the contrary, oxrC mutation isolated by
Jamieson and Higgins (1986) affected the anaerobic induc-
tion of the fermentative genes, hyd (encodes hyudogenase)
and fhl (encodes formate hydrogen lyase), suggesting that
oxrC was required for the anaerobic induction of fermenta-
tive genes. The primary defect of the oxrC mutation is
also in PGI activity. PGI formation was increased by
anaerobiosis (Schreyer and Bock, 1980). The map locations
of gfd mutations were not determined, whether it is an al-
lele of oxrC is not clear. However, phenotypically, the
qfd mutation Is similar to the oxrC mutation.
oxrE is a genetic locus distinct from oxrA. Thil
locus was isolated by Tang and Barrett (1986) and shown tc
affect anaerobic metabolism in Salmonella typhimurium.
However, mutation in this locus did not affect the
anaerobic induction of pfl. So far, none of the mutations
tested would completely eliminate the anaerobic induction
of pfl. I speculated that there is be another mutation
which would eliminate the anaerobic induction of pfl, or
together with oxrA mutation, another mutation could act
independently to eliminate the anaerobic induction
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Completely,
F. pfl gene expression was decreased by the presence of
F' episome carrying the wild type pfl gene.
The anaerobic, but not the aerobic -galactosidase
activity, of pf1101::Mu dl-8 was decreased by about 2-fold
in the presence of F' episome carrying the wild type pfl
gene. However, both the aerobic and anaerobic
-galactosidase activities were decreased when the
F' episome-carrying fusion was grown in minimal glucose
medium. The decrease in activity when growing in minimal
glucose medium may due to glucose repression. On the other
hand, the effect of F' episome on the 93-galactosidase ac-
tivity of the fusion grown in NB have several
implications. PFL, the pfl gene product, which is
expressed from the pfl gene on the F' episome, may
repress pfl expression. Alternatively, in the presence of
PFL enzyme, inducers may be used up or repressors
produced.
To test whether the PFL enzyme represses pfl expres-
sion or not, a mutation of ack, which encodes acetate
kinase, was incorporated into the merodiploid strain.
-galactosidase activity of the merodiploid with ack
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mutation was resumed to the level of strain K2n, indicat-
ing that PFL is not an repressor. In the presence of ack
mu talt: ion, the 3-q.lactosidase activity was restored even
though PFL was still present. Since the merod iploid with
ack mutation was Gas-, PFL present in this strain must be
inhibited. Thus, i n the presence of inhibited PFL enzyme,
no inducer is used up or repressor produced.
I speculate that the catabolic charge, i.e. the
NADH/(NAD++ NADH) ratio, is related to the anaerobic in-
duction of pfl gene when the culture is grown in NB. In
the presence of PFL activity, NAD is generated from NADH
when pyruvate is converted to ethanol, and the
NADH/(NAD++ NADH) ratio is decreased thus the consump-
tion of NADH may cause the decrease in the (3-galactosidase
activity of the fusion carrying the F' episome. Wimpenny
and Firth (1972) have demonstrated that the catabolic
charge was increased from 0.2 to 0.6 during anaerobic
growth of E. coli in rich medium. On the other hand, An-
dersen acid Meyenburg (1977) have reported that the
NADH/(NAD++ NADH) ratio of E. coli growing in minimal
glucose medium remained constant at 0.05 during oxygen
starvation. Holley et al (1985) showed that the transcrip-
tion expression of nadA and nadB, genes required for the
synthesis of NAD, by anaerobiosis. Their results
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indIcated that catabolic charge may be related to
anaerobic induction during growth in NB but not in minimal
glucose medium. My results shown in table 17 were consis-
tent with this speculation.
When oxrA::TnlO mutation was incorporated into the
merodiploid strain, the expression of pfl was further
decreased but anaerobic induction was not eliminated. The
results indicated that F'pfl+ and oxrA::TnlO act
independently.
G. pfjR was required for the anaerobic induction of pfl
gene
With the pfl::Mu dl-8 fusion, attempts were made to iso-
late regulatory mutations from pools of random Tn10 inser-
tion strains. pfl::Mu dl-8 was transduced to tetracycline
resistance by P22 lysates grown on five independent Tn10
pools, each of which consisted of about 5000 independent
tetracycline resistant strains. Since pfl::Mu d1-8 ap-
peared as dark red colonies on MacConkey-lactose medium,
any mutation affecting the expression of pfl or acids
production from lactose would cause the color of the
transductant to be pink or white. Several attempts were
made but no regulatory mutation was isolated. Then I used
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oxrAptl::Mu d1--8 as the recipient for the transduclion
with P22 lysat:es grown on TnlO Pools. One of the trap sdu c
tanks was pink and the mutation was designated pLIR::TrilO.
The phenotype caused by pf1R:Tn10 was cotransductionall
linked to the TnlO insertion.
From (3-galactosidase assay, anaerobic induction of
pf l gene was completely eliminated by pf lR:: :TnlO mutation.
This suggested that pf1R is a positive regulator for the
anaerobic induction of pfl gene. However, the map location
of pf1R was linked to that of oxrA and cannot be
segregated. The growth pattern and color on MacConkey
nitrate plate of pflR oxrA double mutant is similar to
that of oxrA mutant. The only difference between them is
their effect on the anaerobic induction of pfl gene. Since
the isolation of pflR is via .a oxrA pf l:: Mu dl-8 and
pflR,::Tn10 Is closely linked to oxrA, pf1R::Tn1O may al
ways carry the oxrA deletion. As a result, it has the same
phenotype as oxrA mutations. Moreover, its effect on pfl
anaerobic induction may be a combined effect of pf1R::Tnl.O
and 4 oxrA. When strain AZ1516F was transduced to
tetracycline resistance. with P22 lysate grown on strain
HSK1117 (pf1R::TnlO AoxrA pf1::Mu dl-8), no OxrA+
phenotype was observed. Moreover, when strain HSK1001
(ch1C::Mu dl-8) was transduced with the same P22 lysate.
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all transductants were white on MacConkey-lactose-NO
medium. The results indicate that p1fR::Tnl0 may always
carry 4 oxrA. Further genetic analysis is required to
clarify this uncertainty.
H. HPLC analysis of organic acids from culture extract
of strain AZ1516F (wild type), K2n (pfl::Mu d1-8),
and H8K1124 (pf1R::TnlO).
From the HPLC chromatogram (figure 5), the control
strain AZ1516F has a mixed acids fermentation pattern,
producing formate, acetate, succinate, pyruvate, fumarate
and lactate with lactate constituting about 67% of total
acids detected. On the other hand, K2n, which has the pfl
mutation d id not produce formate however, there was
little acetate detected, and lactate produced constituted
about 92.8% of total acids detected. The acetate detected
may due to the accumulation of acetyl-CoA during the ini-
tial aerobic growth. Acetyl-CoA was subsequently converted
to acetate. Moreover, acetyl-CoA can be produced by the
minor enzyme pyruvate:feredoxin (or flavodoxin)
oxidoreductase (EC 1.2.7.1) anaerobically (Blaschkowski et
al, 1982). The increase in lactate production may be an
adaptation of strain K2n'to regenerate more NAD from NADH
for the continuation of glycolytic pathway since the path-
150
way from pyruvat:e to ethanol is blocked. The increase in
lactate production may be a result of the increase in lac-
tate dehydrogenase activity.
On the other hand, the HPLC chromatogram of the
pf1R::TnlO oxrA culture showed that there was no lactate
produced. Formate and acetate were still produced and the
amount of formate and acetate produced were greater than
those produced by the wild type. The increased formate
production seemed to be contradictory to the result which
showed that pfl transcription was decreased by pf1R::Tn].0.
A possible explanation for this contradiction is that the
pff].R::Tn10 mutation somehow affects the activity of the
PFT, enzyme by the increased amount of allosteric effector
such as pyruvate. Since the pf1R::TnlO /IoxrA double mutant
do not produce lactate, their effects on pfl expression
may be the result of lack of lactate. On the other hand,
pf1R may encode a positive regulatory protein. Pecher et
al (1982) showed that aerobic expression of the cloned pfl
structural gene was higher when the culture was grown in
D-lactate medium than in glucose medium. Thus D-lactate




Four pfl::Mu dl-8 operon fusions were isolated. The
operon fusions isolated were pfl::Mu d1-8 fusions as
deduced from their physiological characteristics which
were identical to those of pfl point mutant, especially
in their inability to produce formate. Genetically, the
insertion site of Mu dl-8 site were at the pfl gene locus
and the (3-galactosidase expression of the fusions was con-
trolled by anaerobiosis with an anaerobic induction ratio
of about 5.
When pyruvate, formate or acetate was added to the
nuI:rient broth culture medium, the f3-galactosidase ac-
tivities remained the same. It seemed that there was no
product(s) repression or substrate induction for pfl gene
expression. On the other hand, kinetic studies of
(3-galactosidase activity of the fusion grown under dif-
ferent culture media showed that anaerobic (3-galactosidase
specific activity of the fusion was higher 4hen strain K2n
was grown in rich medium (NB) than in minimal glucose
medium. However, the induction ratio for both rich medium
and minimal glucose medium were the same, about 5. The
consitituent in rich medium seem to affect the overall
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e2xppr_ession but not the anaerobic induction of the fusion.
When casalfli nco acids was added to minimal glucose at a con-
centration of 0.1% or 1%, the (3- alactos idase specific ac-
tivity increased accordingly with higher specific activity
at higher concentration of casamino acids. Amino acids
seemed affect: anaerobic gene expression. Jamieson and
Higgins (1984) have demonstrated that tppB, which is
required for the tripeptide permease function, was
specifically induced by exogenous leucine or by
anaerobiosIs. Moreover, Unden and Guest (1984) showed that
addition of casamino acids in glycerol-furnarate mediurn
would increase fumarate reductase activity. In addition to
the increase in galactosidase specific activity, the
growth rate of pf1101::Mu dl-8 also increased when
casamino acids was added. The increase in activity may be
a secondary effect of the increase in growth rate. Peder-
sen et al (1978) demonstrated that the patterns of protein
synthesis were related to growth rate. Now amino acids af-
fect gene expression deserves further investigation. It is
possible that the oxidation of amino acids such as alanine
and glutamate by NADD-linked dehydrogenase will generate
NADH and NH4.+. NHq or catabolic reduction charge, defined
as NADH/(NADH+ NAD+), may then act as regulatory signal
of anaerobic metabolism.
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Tn the presence of cya:: TnlO, crp: :Tn.10 or
oxrt:: Tnl0 insertion mutation, the anaerobic induction
ratio was reduced to 2.5, but was not abolished. The
action of cya and crp was probably in the form of cAMP-CRp
complex affecting the transcription of pf1. When both oxrA
and cya mutations were present, the anaerobic induction
ratio was further decreased to 1.5. Thus, oxrA and cya
seemed to act independently. Pascal et a1( 1986) used gene
fusions to study the expression of fnr in Escherichia
co1i. They showed that fnr was partly regulated by its own
product and partly by the cAMP-CRP complex. Since oxrA in
Salmonella typhimurium is equivalent to fnr in Escherichia
coli, I suggest that the cAMP-CRP complex regulates both
oxr A and pf1 expression. Whether oxrA gene product or
cAMP-CRP complex act directly on the pf1 gene required
further Investigation.
The anaerobic, but not the aerobic galactosidase
activity, of pf1101::Mu dl-8 grown in NB, was decreased by
about 2-fold in the presence of F' episome-carrying the
wild type pf1 gene. However, both the aerobic and
anaerobic galactosidase activity were decreased when
the F' episome carrying fusion was grown in minimal
glucose medium. The decrease in activity when growing in
minimal glucose medium may due to glucose repression. ack_
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mutation can eliminate the effect of F' Pfl+ on the
-gala ctosic:iase of pf1::Mu d1.-.8 sugge::ted that PFL enzyme
itself is not an repressor itself (Table 17). I speculate
that the catabolic charge (the NADH/(NAD+ NADH) ratio) Is
related to the anaerobic induction of pfl gene when the
culture is grown in NB. In the presence of PFL activity,
NAD is generated from NADH when pyruvate is converted to
ethanol, and the NADH/(NAD+ NADH) ratio is decreased
thus the consumption of NADH may cause the decrease in the
0-galactosidase activity of the fusion carrying the F'
episome.
When oxrA::TnlO mutation was incorporated into the
merodiploid strain, the activity was further decreased but
anaerobic inductioli was not eliminated. The results indi-
cated that F' mil and oxrA:: Tn10 act independently.
Other mutations (gyrA, oxrE, and qfd), which affected
anaerobic metabolism, did not affect the transcription of
pf1. It seemed that there may be another regulatory gene.
From Tn10 insertion pools, a Tn10 insertion mutation p_Q R
was isolated. There was no anaerobic induction of the
-galactosidase activity of the pfl::Mu dl-8 carrying the
pflR::Tn10 mutation. The primary defect of pf1R mutation
was the inability to produce lactate. Moreover, pyruvate,
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formate, and acetate production frorn pflR mutant were
greater than those of the wild type. Thus, pf1R may be a
regulatory gene for pfl gene expression, or somehow the
endogenous levels of pyruvate, formate, acetate, or lac-
tate affected the anaerobic induction of pfl.
In conclusion, I have demonstrated a complex regula-
tion of pfl. It is positively regulated by cAMP--CRP
complex, oxrA, and pf1R. Autogenous regulation and
catabolic charge may also be involved in the anaerobic ex-
pression of pfl. pfl gene is transcribed both aerobically
and anaerobically with an anaerobic induction ratio of
about 5, and is transcribed in a counter-clockwise
direction. A summary of the effect of various elements
studied, is shown in Table 24. Further investigation is
required to clarify some unsolved uncertainties in this
study:
1. The nature of qfd mutation, i. e. its map location,
phenotype, and its effect on other anaerobically
regulated genes We have already isolated 6 indepen-
dent putative gfd::Mu d1-8 mutations, but only one of
these mutations was used for this study. Whether any
one of them is equivalent to the oxrC mutation needs
further study.
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Table 24. Summary of the effect of different mutations,
and F' pf1, on the 3-galactosidase activity of
pf1::Mu dl-8.










a. 4- means the anaerobic induction ratio is partially
decreased;- means no effect on the activity;+++
means the anaerobic induction is abolished.
157
2. To study the galnctosidase activity of pf I:: Mu dl-8
in different media with different redox potential, we
can get more informations on the nature of the redox
control. Moreover, we can also follow the level of
catabolic charge. The study may utilize chemostat for
continuous culture in a constant environment.
3. Isolation of pf1R::Mu dl-8, oxrA::Mu dl-8, and
oxr C:: Mu d_l-8 operon fusion. Then we can study the
inter-relationship among these genes. Moreover, the
pleiotropic nature of pf1R::TnlO requires further
study.
4. To see whether there is negative control elements,
isolation of mutants with increased aerobic levels of
galactosidase level of pf1: :Mu dl-8 is useful.
5. Isolation of more regulatory mutations affecting
pf 1:: Mu d_l- 8.
6. Molecular cloning of p f1, oxr A, and p f1R cou1d




Abou-Jaoude, A., M. C. Pascal, F. Casse, M.Chippaux. 1978.
Isolation and phenotypes of mutants from Escherischia
coli K12 defective in nitrite-reductase activity.
FEMS Microbiol. Lett. 3:235-239.
Al iabadi, Z., F. Warren, S. Mya, and J. W. Foster. 1986.
Oxygen-regulated stimulons of Salmonella typhimurium
identified by Mu d(Ap lac) operon fusions. J.
Bact.eriol. 165:780-786.
Andersen, K. B., and K. V. Meyenburg. 1977. Charges of
nicotinamide adenine nucleotides and adenylate energy
charge as regulatory parameters of the metabolism in
Escherichia coli. J. Biol. Chem. 252:4151-4156.
Barrett, E. L., C. E. Jackson, H.T. Fukumoto, and G. W.
Chang. 1979. Formate dehydrogenase mutants of
Samonella typhimurium: a new medium for their isola-
tion and new mutant classes. Mol. Gen. Genet. 177:95-
101.
Barrett, E. L., H. S. Kwan, and J.- Macy. 1984.
Anaerobiosis, formate, nitrate, and pyrA are involved
in the regulation of formate hydrogenlyase in Sal-
monella typhimurium. J. Bacteriol. 158:972-977.
Blaschkowski, H. P., G. Neuer, M. Ludwig-Festl, and J.
Knappe. 1982. Routes of flavodoxin and ferredoxin
reduction in Escherischia coli. Eur. J. Biochem.
123:563-569.
Bradford, M. M. 1976. A rapid and sesitive method for the
quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal
Biochem. 72:248-254.
Casadaban, M. J.. 1976. Transposition and fusion of the
lac genes to selected promoters in Escherichia cola
using bacteriophage and Mu. J. Mol. Biol. 104:541-
555.
Casadabarl, M. J., and S. N. Cohen. 1979. Lactose genes
fused to exogenous promoters in one step using a Mu-
lac bacteriophage: in vivo probe for transcriptional
control sequences. Proc. Natl. Acad. Sci. U. S. A.
76:4530-4533.
Casse, F.M.C. Pascal, M. Chippaux, and J. Ratouchniak.
159
1976, Geriet.tc. analysis of Mutants from Escherichi,
coli K12 unable to grow anaerobically without- ex-
ogenous acceptor. Mol. Geri. Genet. 148:337-340.
Chippaux, M. F. Casse, and H.C. Pascal. 1972. Iso]nLIon
and phenotypes of mutants from Salmonella t }irnurium
defective in formate hydrogenase activity J.
IIacteriol. 110:766-768.
Chippaux, M., V. Bonnefoy-Orth, J. Ratouchniak, and M.C.
Pascal. 1981. Operon fusions in the nitrate reductase
operon and study of the control gene nirR in Es-
cherichia coli. Mol. Gen. Genet. 182:477-479.
Christiansen, L., and S. Pedersen. 1981. Cloning, restric-
tion endonuclease mapping and post-transcriptional
regulation of rpsA, the structural gene for ribosomal
protein Si. Mol. Gen. Genet. 181:548-551.
Chumley, F.G., R. Menzel, and J.R. Roth. 1979. Hfr forma-
tion directed by TnlO. Genetics 91:639-655.
Clark., D. p. 1.984. The number of anaerol:)ical ly regulated
genes in Escherichia coll. FEMS Microbiol. LeLt.
24:25.1---259.
Conradt, H., M. }iohmann-Berger, 11. P. Hohmann, 1.1. P.
Blac}hkowsk i, and J. Knappe. 1984. Pyruvate for_mate-
layase (inactive form) and pyruvate formate-lyase ac-
tivating enzyme of Escherichia cols: isolation and
structural properties. Arch. Biochem. Biophys.
228:133-142.
Davidson, A.E., H.E. Fukomotro, C.E. Jackson, E.L.
Barrett, and G.W. Chang. 1979. Mutants of Salmonella
typhimurium defective in the reduction of
trimethylamine oxide. FEMS Microbiol. Lett. 12:249-
252.
Davis, R.W., D. Botstein, J.R. Roth. 1980. In Advanced
bacterial genetics. A manual fo genetic engineering.
Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.
Debarbouille, M., H. A. Shuman, T. J. Silhavy, and M.
Schwartz. 1978. Dominant constitutive mutations in
malT, the positive regulator gene of the rnaltose
regulon in Escherichia cols-. J. Mol. Biol.. 124:359--
3 71..
160
Dubowski, K.M. 1962. An o-toluidine method for body-fluid
glucose determination. Clin. Chem. 8:218-235.
Eegriwe, E..1937. Chromotropic acidis a sensitive and
characteristic reagent for formaldehyde. Z. Anal.
Chem. 110:22-25.
Ely, B., R.M. Weppleman, H.C. Jr. Massey, and P.E.
Hartman. 1979. Some improved methods in P22
transduction. Genetics 76:625-631.
Guerrant, G., M.A. Lambert, and C. W. Moss. 1982. Analysis
of short-chain acids from anaerobic bacteria by High-
Performance Liquid Chromatography. J. ClIn.
Microbiol. 16:355-360.
Hoiseth, S. K., and B. A. D. Stocker. 1985. Genes aroA and
serC of Salmonella typhimurium constitute an operon.
J.Bacteriol. 163:355-361.
Holley, E. A., M. P. Spector, and J. W. Foster. 1985.
Regulation of NAD biosynthesis in Salmonella
yjhimurium: expression of nad-lac fusions and iden-
tif1.ration of a nad regulation locus. J. Gen.
Mier. obiol. 1'11-:2759-2770.
Hughes, K.T., and J.R. Roth. 1984. Conditional transposi-
tion defective derivative of Mu dl(Amp lac). J.
Bacteriol. 159:130-137.
Jamieson, D.J., and C.F. Higgins. 1984. Anaerobic and
leucine-dependent expression of a peptide transport
gene in Salmonella typhimurium. J. Bacteriol.
160:131-136.
Jamieson, D. J., and C. F. Higgins. 1986. Two genetically
distinct pathways for transcriptional regulation of
anaerobic gene exression in Salmonella typhimurium.
J. Bacteriol. 168:389-397.
Jamieson, D. J., R. G. Sawers, P. A. Rugman, D. H. Boxer,
and C. F. Higgins. 1986. Effects of anaerobic
regulatory mutations and catabolite repression on
regulation of hydrogen metabolism and hydrogenase
isoenzyme composition in Salmonella typhimurium. J.
Bacteriol. 168:405-411.
Jovanovich, S. B.. 1985. Regulation of a cya-lac fusion by
cyclic AMP in Salmonella typhimurium. J. Bacteriol
161:641-649.'
161
Knappe, J., F. A. Neugebauer, H. P. Blaschkowski, and M.
Ganzler. 1984. Post-translationa1 activation intro¬
duces a free radical into pyruvate formate-lyase.
Proc. Natl. Acad. Sci. USA 81:1332-1335.
Knappe, J., and T. Schrnitt. 1976. A novel reaction of S-
adenosy1-L-methionine correlated with the activation
of pyruvate formate-lyase. Biochem. Biophys. Res.
Commun. 71:1110-1117.
Krueged, J. H., nnd G. C. Walker. 1983. Mu d(Apr lac)-
Generated fusions in studies of gene expression. In
(R. Wu, L. Grossman, and K. Moldave ed.) Methods In
Enzymology, vol.100. Academic press, N.Y. pp501-509.
Kwan, H.S., and E. L. Barrett. 1983. Roles for menaquinone
and the two trimethylamine oxide (TMAO) reductases in
TMAO respiration in Salmone11a typhimuriurn:
Mu dj Ap lac) insertion mutations in men and tor. J.
Bacteriol. 155:1147-155.
Kwan, H. S., and K. K. Wong. 1986. A general method for
isolation of Mu dl-8(Apr lac) operon fusions in SAL
mone 11a typh imur ium LT2 from Tn.10 insertion strains:
chlC::Mu dl-8. Mol. Gen. Genet. 205:221-224.
Low, B.. 1968. Formation of merodiploids in matings with a
class of rec recipient strains of Escherichia co1 i
K12. Proc. Natl. Acad. USA. 60:160-167.
Lambden, P. R., and J. R. Guest. 1976. Mutants of Es¬
cher ichia co1i K12 unable to use fumarate as an
anaerobic electron acceptor. J. Gen. Microbiol.
97:145-160.
Lee, J.-H., L. Heffernan, and G. Wilcox. 1980. Isolation
of ara-lac gene fusions in Salmone1la typhimurium LT2
by using transducing bacteriophage Mu dJAp7 lac.). J.
Bacteriol. 143:1325-1331.
Maloy, S. R., and W. D. Nunn. 1981. Selection for loss of
tetracycline resistance by Escherichia co1i. J.
Bacteriol. 145:1110-1112.
Maloy, S. R., and J. R. Roth. 1983. Regulation of proline
utilization in Salmone11a typhimurium: Characteriza¬
tion of put::Mu d(Ap lac) operon fusions. J.
Bacteriol. 154:561-568.
162
Miller, J. H. 1972. Experiments in molecular genetics.
Cold Spring Harbor Laboratory, Cold Spring Harbor, N.
Newman, B. M., and J. A. Cole. 1978. The chromosome loca-
tion and pleiotropic effects of mutations of the
nirh+ gene of Escherichia coil K12: The essential
role of nirA in nitrite reduction and in other
anaerobic redox reactions. J. Gen. Microbiol. 106:1-
Pascal, M.-C., V. t3onnefoy, M. Fons and M. Chippaux. 1986.
Use of gene fusions to study the expression of fnr,
the regulatory gene of anaerobic electron transfer in
Escherichia coli. FEMS Microbiol. Lett. 36:35-39.
Pascal, M. -C., F. Casse, and M. Chippaux. 1977. Localiza-
tion of pfl gene by transductional study of the gal
-aroA segment of the Salmonella typhimurium LT2
chromosome. Mol. Gen. Genet. 150:331-334.
Pascal, M. -C., M. Chippaux, A. Abou-Jaoude, H.P., and J.
Knappe.1981. Mutants of Escherichia coli K12 with
defects in anaerobic pyruvate metabolism. J. Gen.
Micrnhinl_ 174!1-4?
Pastan, I., and S. Adhya. 1976. Cyclic adenosine 5'-
monophosphate in Escherichia coli. Bacteriol. Rev.
40:527-551.
Pecher, A., H. P. Blaschkowski, K. Knappe, and A. Bick.
1982. Expression of pyruvate formate-lyase of Es-
cherischia coli from the cloned structural gene.
Arch. Microbiol. 132:365- 371.
Pecher, A., F. Zinoni, R. C. Jatisatien, R. Wirth, H.
Hennecke, and A. Bock. 1983. On the redox control of
synthesis of anaerobically induced enzymes in
Enterobacterlaceae. Arch. Microbiol. 136:131-136.
Pedersen, S., P.L. Bloch, S. Reeh, and F.C. Neidhardt.
1978. Patterns of protein synthesis in E. Coli: a
catalog of the amount of 140 individual proteins at
different growth rates. Cell 14:179-190.
Pope, N. R., and J. A. Cole. 1984. Pyruvate and ethanol as
electron donors for nitrite reduction by Escherichia
cols K12. J. Gen. Microbiol. 130:1279-1284.
ReI.cheIt, J. L., and H. W. Doelle. 1971. The influence of
163
dissolved oxygen concentration on phosphofructokinase
and the glucose metabolism of Escherichia coli K-12.
Antonie van Leeuwenhoek J. Microbiol. Seriol. 37:497-
506.
Roe, J. H., J. H. Epstein, and N.P. Goldstein. 1949. A
photometric method for the determination of inulin in
plasma and urine. J. Clin. Chem. 178:839-845.
Sanderson, K. E., and J. R. Roth. 1983. Linkage map of
Salmonella typhimurium, edition VI. Microbiol. Rev.
47:410-453.
Schreyer, R., and A. Bock. 1980. Phosphoglucose isomerase
from Escherichia coli K10: Purification, properties
and formation under aerobic and anaerobic condition.
Arch. Microbiol. 127:289-298.
Shaw, D. J., and J. R. Guest. 1982. Amplification and
product identification of the fnr gene of Es-
cherichia coli. J. Gen. Microbiol. 128:2221-2228.
Shaw, D. J., D. W. Rice, and J. R. Guest. 1983. Homology
between CAP and Fnr, a regulator of anaerobic
respiration in Escherichia coli. J. Mol. Biol.
166:241-247.
Silhavy, T. J. and J. R. Beckwith. 1985. Uses of lac fu-
sions for the study of biological problems.
Microbiol. Rev. 49:398-418.
Smith, M. W., and F. C. Neidhardt. 1983a. Proteins induced
by anaerobiosis in Escherichia coll. J. Bacteriol.
154:336-343.
Smith, M. W., and F. C. Neidhardt. 1983b. Proteins induced
by aerobiosis in Escherichia coll. J. Bacterlol.
154:344-350.
Spector, M., Z. Aliabadi, T. Gonzalez, and J.W. Foster.
1986. Global control in Salmonella typhimurium
typhimurium: Two-dimensional electrophoretic analysis
of Starvation-, Anaerobiosis-, and Heat shock-
inducible proteins. J. Bacteriol. 168:420-424.
Strauch, K. L., J. B. Lenk, B. L. Gamble, and C. G.
Miller. 1985. Oxygen regulation in Salmonella
typhimurium. J. Bacteriol. 161:673-680.
Taylor, R. K., M. N. Hall, L. Enquist, and T. J. Silhavy.
164
1981. Identification of OmpR: a positive regulatory
protein controlling expression of the major outer
membrane matrix por in proteins of Escherichia coli K-
12. J. Bacteriol. 147:255-258.
Tang, J.S., and E.L. Barrett. 1986.. Regulation of
anaerobic metabolism in Salmonella typhimurium in-'
volves a genetic locus distinct from oxrA. In
Abstracts of the Annual Meeting of• the American
Society for Microbiology 1986. Washinton, D.C. 23028
March 1986. K-120
Thomas, A. D., H. W. Doelle, A. W. Westwood, and G. L.
Gordon. 1972. Effect of oxygen on several enzymes in-
volve in aerobic and anaerobic utilization of glucose
in Escherichia coli. J. Bacteriol. 112:1099-1105
Unden, G.,. and J. R. Guest. 1984. Cylic AMP *and anaerobic
gene expression in Escherichia coll. FEBS Lett.
170:321-3256
varenne, S., F. Casse M. Chippaux, M. C. Pascal. 1975. A
mutant of Escherichia coli deficient in pyruvate for-
mate lyase. Mol. Gen. Genet. 141:181-184.
Vogel, H. J., and D. M. Bonnner. 1956. Acetylornithase of
Escherichia coli: partial purification and some
properties. J. Biol. Chem 93:237-244.
Winpenny, J. W. T., and A. Firth. 1972. Levels of
nicotinamide adenine dinucleotide in facultative bac-
teria and effect` of oxygen. J. Bacteriol. 111:24-32.
Yamamoto, N., and M. L. Droffner. 1985. Mechanisms deter-
mining aerobic or anaerobic growth in the facultative
anaerobe Salmonella typhimurium. Proc. Natl. Acad.
Sci. USA 82:2077-2081.


